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ABSTRACT
Using the HST/ACS IF814W-band data, we investigated distribution of apparent axial ratios of
∼ 21000 galaxies with MV < −20 at 0.2 < z < 1.0 in the COSMOS field as a function of stellar mass,
specific star formation rate (sSFR), and redshift. We statistically estimated intrinsic 3-dimensional
shapes of these galaxies by fitting the axial-ratio distribution with triaxial ellipsoid models characterized
by face-on (middle-to-long) and edge-on (short-to-long) axial ratios B/A and C/A. We found that the
transition from thin disk to thick spheroid occurs at ∆MS ∼ −1 dex, i.e., 10 times lower sSFR than
that of the main sequence for galaxies with Mstar = 10
10–1011M⊙ at 0.2 < z < 1.0. Furthermore,
the intrinsic thickness (C/A) of passively evolving galaxies with Mstar = 10
10–1011M⊙ significantly
decreases with time from C/A ∼ 0.40 – 0.50 at z ∼ 0.8 to C/A ∼ 0.33 – 0.37 at z ∼ 0.4, while
those galaxies with Mstar > 10
11M⊙ have C/A ∼ 0.5 irrespective of redshift. On the other hand,
star-forming galaxies on the main sequence with 109.5–1011M⊙ show no significant evolution in their
shape at 0.2 < z < 1.0, but their thickness depends on stellar mass; more massive star-forming galaxies
tend to have lower C/A (thinner shape) than low-mass ones. These results suggest that some fraction
of star-forming galaxies with a thin disk, which started to appear around z ∼ 1, quench their star
formation without violent morphological change, and these newly added quiescent galaxies with a
relatively thin shape cause the significant evolution in the axial-ratio distribution of passively evolving
galaxies with Mstar < 10
11M⊙ at z < 1.
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1. INTRODUCTION
One of the most striking feature of galaxies is the
variety of their morphology. Since Hubble (1926), it
is known that the morphology of galaxies is closely
correlated with their physical properties such as lumi-
nosity, stellar mass, color, star formation rate (SFR),
gas contents, and so on (e.g., Roberts, & Haynes 1994;
Bell et al. 2012; Bluck et al. 2019). Elliptical galaxies
show spheroidal shapes with smooth light distributions
and mainly contain old stars with little star formation.
On the other hand, spiral galaxies have a flat stellar disk
with characteristic spiral arms and form new stars from
a thin gas disk. S0 galaxies have intermediate proper-
ties between ellipticals and spirals and show a flat disk
with smooth light distributions and little star formation.
Many studies have proposed mechanisms to form such
galaxies with the intermediate properties, but which
process(es) dominates in the formation of S0 galaxies
is still unclear (e.g., Larson et al. 1980; Aguerri 2012).
Recent observational studies with the integral field spec-
troscopy suggest that early-type galaxies are well classi-
fied into slow and fast rotators by their stellar kinemat-
ics and that the classification by the specific angular
momentum of the stellar component can be more fun-
damental for understanding of these galaxies than the
E/S0 classification (e.g., Emsellem et al. 2011).
In the point of view of star formation histories, galax-
ies are well divided into two populations, namely, star-
forming galaxies and passively evolving galaxies with
little star formation at z . 3 (e.g., Bell et al. 2004;
Williams et al. 2009; Whitaker et al. 2011). The star
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formation activity of star-forming galaxies with simi-
lar stellar masses is rather uniform, and these galax-
ies form a tight correlation between SFR and stel-
lar mass, namely, the main sequence of star-forming
galaxies (e.g., Noeske et al. 2007; Elbaz et al. 2007).
Some fraction of star-forming galaxies are expected
to stop their star formation by some mechanisms and
then evolve into the passively evolving population (e.g.,
Faber et al. 2007; Peng et al. 2010). Because of the uni-
formity of star-forming galaxies, such quenching of star
formation is considered to be the most important pro-
cess in star formation histories of galaxies. There are
many proposed physical mechanisms for the quench-
ing, namely, galactic wind expelling gas from the galaxy
by supernova feedback, gas heating by AGN feedback,
shock heating of gas infalling into dark matter ha-
los, gravitational stabilization of gas disk by the bulge,
environmental effects such as ram-pressure stripping,
harassment, strangulation/starvation, and so on (e.g.,
Dekel, & Silk 1986; Fabian 2012; Birnboim, & Dekel
2003; Martig et al. 2009; Abadi et al. 1999; Moore et al.
1996; Balogh et al. 2000). Since some of the quench-
ing mechanisms also affect the morphology/shape of the
galaxies with various ways, the correlation between the
morphology and star formation activity could reflect
such physical processes.
The shape of the stellar body of galaxies is closely
related with the kinematics of their structures and is
expected to reflect their formation and evolution pro-
cesses. Many previous theoretical studies suggested that
the shape and structure of galaxies are affected by var-
ious physical processes such as the gas accretion to the
galaxies in dark matter halos, gravitational instability in
gas disks, galaxy merger/interaction, stellar/AGN feed-
back, and so on (e.g., Hopkins et al. 2009; Sales et al.
2009; Oser et al. 2010; Sales et al. 2012; Fiacconi et al.
2015; Rodriguez-Gomez et al. 2017; El-Badry et al.
2018). For example, it is considered that rotation-
ally supported flat disks are formed through a gradual
accretion of gas with a rather stable spin axis from a
quasi-hydrostatic hot corona, which has been heated to
around the virial temperature by shock in infalling to the
halo (e.g., White, & Frenk 1991). On the other hand, a
direct accretion of cold gas from distinct filaments with
misaligned spin directions to the galaxy is expected to
lead to more thick and spheroidal-like structures (e.g.,
Dekel et al. 2009a). While dry major mergers between
gas-poor galaxies are considered to result in the rem-
nants with a spheroidal shape (e.g., Barnes 1988), gas-
rich mergers may form those with a significant disk com-
ponent (e.g., Springel, & Hernquist 2005). The secular
evolution by the bar or spiral arms and the gas inflow to
the center of the galaxy by the galaxy interaction/minor
merger may cause bulge growth without a destruction
of the thin disk (e.g., Kormendy, & Kennicutt 2004;
Guedes et al. 2013). Thus the distribution of the in-
trinsic shape of galaxies and its dependence on other
physical properties such as stellar mass, SFR, and red-
shift can provide us important clues to understand how
galaxies formed and evolved through such physical pro-
cesses.
Although it is difficult to measure the intrinsic
shape of a galaxy individually, one can statistically
estimate the 3-dimensional shapes for a sample of
galaxies from the distribution of the apparent axial
ratio projected on the celestial sphere. Several pi-
oneering works investigated the distribution of the
apparent axial ratio of nearby galaxies, and con-
firmed that elliptical galaxies have relatively thick
and spheroidal shapes, while spiral (and S0) galax-
ies have flat and thin disk shapes (e.g., Sandage et al.
1970; Binggeli 1980; Binney, & de Vaucouleurs 1981;
Lambas et al. 1992). A large sample of galaxies at
z . 0.1 drawn from the SDSS survey enables to in-
vestigate the intrinsic shape with high statistical ac-
curacy and its dependence on other physical prop-
erties such as luminosity, stellar mass, and surface
brightness profile (Ryden 2004; Vincent, & Ryden
2005; Padilla, & Strauss 2008; van der Wel et al. 2009).
Ryden (2004) and Padilla, & Strauss (2008) confirmed
that spiral galaxies have a flat disk with an edge-on
axial ratio of 0.2 – 0.25 and that their face-on axial
ratio is clearly smaller than unity, which suggests that
their disks are not circular shape on the face-on view.
Padilla, & Strauss (2008) and Vincent, & Ryden (2005)
reported that luminous early-type galaxies have round
intrinsic shapes, while those faint galaxies show a flatter
distribution of the apparent axial ratio, which indicates
relatively thin disk shapes. van der Wel et al. (2009)
found that the axial-ratio distribution of passively evolv-
ing galaxies abruptly changes around Mstar ∼ 10
11M⊙,
and suggested that those galaxies with Mstar < 10
11M⊙
have disk-like intrinsic shapes, while massive ones with
Mstar > 10
11M⊙ have spheroidal shapes, which can be
formed preferentially by major mergers.
Using high-resolution imaging data taken with Hub-
ble Space Telescope (HST) in the GOODS, COS-
MOS, and CANDELS surveys, previous studies car-
ried out the similar analyses for star-forming and
passively evolving galaxies at high redshifts, mainly
z ∼ 2–3 to study the evolution of their 3-dimensional
shapes (e.g., Ravindranath et al. 2006; Yuma et al.
2011; Yuma et al. 2012; Holden et al. 2012; Law et al.
2012; Chang et al. 2013; van der Wel et al. 2014a;
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Takeuchi et al. 2015; Zhang et al. 2019; Hill et al.
2019). Ravindranath et al. (2006) and Law et al.
(2012) investigated the axial-ratio distribution for rest-
UV color-selected Lyman Break Galaxies (LBGs) and
BX/BM galaxies at z ∼ 1.5–5, and found that they
have more thick and prolate shapes with B/A ∼ 0.7
and C/A ∼ 0.3, where B/A is the face-on intrinsic
axial ratio and C/A is the edge-on axial ratio (i.e.,
A > B > C), than star-forming galaxies in the present
universe. Ravindranath et al. (2006) also reported that
both those galaxies with the exponential and r1/4-
like surface brightness profiles have the similar prolate
shapes, which suggests that the surface brightness pro-
file does not necessarily represent the 3-dimensional
shape for these high-z star-forming galaxies especially
in the rest-UV wavelength. Yuma et al. (2011) and
Yuma et al. (2012) investigated the apparent axial ratio
of star-forming BzK galaxies at z ∼ 1.4 – 2.5 in the
rest-frame UV and optical wavelengths, and found that
these galaxies also have similar prolate 3-dimensional
shapes with C/A ∼ 0.26 – 0.28 and B/A ∼ 0.6 – 0.8.
Takeuchi et al. (2015) reported that the intrinsic shapes
of star-forming galaxies on the main sequence evolve
from the prolate shapes at z ∼ 2 to more oblate (disky)
shapes with B/A ∼ 0.9 at z ∼ 0.7. van der Wel et al.
(2014a) and Zhang et al. (2019) also found that the
prolate shapes are seen preferentially in star-forming
galaxies with smaller stellar mass at higher redshift.
While most star-forming galaxies show thin disk shapes
at z < 1, those with Mstar < 10
10M⊙ tend to have
the prolate shapes at z & 1 – 1.5. On the other
hand, Holden et al. (2012), Chang et al. (2013), and
Hill et al. (2019) studied the intrinsic shapes for pas-
sively evolving galaxies at high redshifts. Holden et al.
(2012) and Hill et al. (2019) found that the distribution
of the apparent axial ratio for those galaxies at z ∼ 0.7
significantly changes at Mstar ∼ 10
11M⊙; massive qui-
escent galaxies with Mstar > 10
11M⊙ have thick and
spheroidal shapes, while those with 1010–1011M⊙ show
thin disk-like shapes, which is similar with those galax-
ies at z ∼ 0 as mentioned above. Chang et al. (2013)
and Hill et al. (2019) also reported that massive galax-
ies with Mstar > 10
11M⊙ show more thin and oblate
shapes at z > 1 than those at z < 1, and the shapes of
those at z ∼2–3 are similar with massive star-forming
galaxies at the same redshift.
Although many previous studies have investigated the
evolution of the intrinsic shape of galaxies, the sample
sizes in these studies were relatively small, especially at
z < 1, and therefore detailed studies with high statis-
tical accuracy for galaxies at z < 1 have been difficult
to carry out. However, since the morphologies similar
with the present-day Hubble sequence have started to
appear around z ∼ 1 (e.g., Abraham, & van den Bergh
2001; Kajisawa, & Yamada 2001; Conselice et al. 2005),
it is important to investigate the 3-dimensional shape of
galaxies at z . 1 as a function of stellar mass, star
formation activity, and redshift in order to understand
how the galaxy morphology and its correlation with
other physical properties of galaxies in the present uni-
verse formed. In this paper, we measure the appar-
ent axial ratios of ∼ 21000 galaxies with MV < −20
at 0.2 < z < 1.0 with the HST/ACS data over 1.65
deg2 region in the COSMOS field to estimate the 3-
dimensional shapes as a function of stellar mass, spe-
cific SFR (= SFR/Mstar, hereafter sSFR), and redshift.
The large sample of galaxies allows us to study the evo-
lution of the intrinsic shape of galaxies with high sta-
tistical accuracy and its dependence on stellar mass and
sSFR in detail. Section 2 describes the sample selection,
and Section 3 describes the methods to measure the ap-
parent axial ratios of sample galaxies and estimate the
3-dimensional shapes. In section 4, we present the dis-
tribution of the apparent axial ratio and the estimated
intrinsic shape as a function of stellar mass, sSFR, and
redshift, and examine possible biases in our analysis.
We discuss our results and their implications in Section
5, and summarize the results in Section 6. Throughout
this paper, magnitudes are given in the AB system. We
adopt a flat universe with Ωmatter = 0.3, ΩΛ = 0.7, and
H0 = 70 km s
−1 Mpc−1.
2. SAMPLE
In this study, we used a sample of galaxies with
MV < −20 at 0.2 < zphot < 1.0 in the 1.65 deg
2 COS-
MOS HST/ACS field drawn from the COSMOS photo-
metric redshift catalog (Ilbert et al. 2009; Ilbert et al.
2013). We chose the absolute magnitude limit of MV <
−20 to secure enough accuracy in measurements of
their axial ratio even at z ∼ 1. The sample galaxies
were detected on the Subaru/Suprime-Cam i′-band data
(Taniguchi et al. 2007; Capak et al. 2007), and their
photometric redshifts were estimated from the multi-
band photometric data from UV to MIR, which include
GALEX FUV and NUV, CFHT u∗ and i∗, Subaru B,
V , g′, r′, i′, z′, and the 12 intermediate (IA) bands
(Taniguchi et al. 2015), VISTA Y , J , H , K, Spitzer
IRAC1, 2, 3, 4 bands. The accuracy of the photometric
redshift is very high with a small fraction of the catas-
trophic failures especially for galaxies at z . 1.2, where
the IA bands sample the Balmer break (Ilbert et al.
2013). Ilbert et al. (2013) also estimated the stellar
mass and SFR by fitting the same multi-band photom-
etry with the GALAXEV population synthesis library
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Figure 1. The rest-frame V -band absolute magnitude vs.
stellar mass for galaxies at 0.2 < z < 0.6 (top) and 0.6 <
z < 1.0 (bottom) in the COSMOS field. Blue symbols show
star-forming galaxies with ∆MS > −0.5 dex, and red ones
represent the other galaxies with lower sSFRs of ∆MS <
−0.5 dex. The dashed line indicates the absolute magnitude
limit of MV < −20 for our sample.
(Bruzual, & Charlot 2003). In the SED fitting, they
used exponentially decaying star formation histories and
Calzetti extinction law (Calzetti et al. 2000), and as-
sumed Chabrier (2003)’s Initial Mass Function.
We checked the completeness for galaxies with MV <
−20 as a function of stellar mass (Figure 1), and limited
our sample to those with Mstar > 10
9.5M⊙ for star-
forming galaxies on the main sequence (see below) and
those with Mstar > 10
10M⊙ for the other galaxies with
lower sSFRs. We note that ∼ 35 % (∼ 20 %) of galaxies
-11.5
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Figure 2. The clipping mean sSFRs for star-forming galax-
ies with different stellar masses in our sample as a function
of redshift. The mean values are calculated with 2σ clipping
and additional exclusion of those with a sSFR more than 10
times lower than the mean. The different colors of symbols
show galaxies with the different stellar masses. The solid
lines represent the linear fitting results for those galaxies at
0.2 < z < 0.6 and 0.6 < z < 1.0.
Table 1. fitting results of the mean sSFR of the main sequence
redshift stellar mass fitted sSFR
z = 0.2–0.6 logMstar = 9.5–10 log (sSFR) = 1.998z − 10.032
10–10.5 log (sSFR) = 1.408z − 10.156
10.5–11 log (sSFR) = 0.510z − 10.535
z = 0.6–1.0 logMstar = 9.5–10 log (sSFR) = 0.369z − 9.088
10–10.5 log (sSFR) = 1.024z − 9.819
10.5–11 log (sSFR) = 2.043z − 11.290
with 109.5–1010M⊙ at 0.2 < z < 0.6 (0.6 < z < 1.0)
for the main-sequence galaxies are missed by the ab-
solute magnitude limit of MV < −20, while ∼ 20 %
(∼ 5–6 %) of the other galaxies with 1010–1010.5M⊙
at 0.2 < z < 0.6 (0.6 < z < 1.0) are missed by the
same limit. We examine how the incompleteness af-
fects our results in Section 4.4.3. Finally, we selected
total 21294 galaxies (13132 main-sequence galaxies with
Mstar > 10
9.5M⊙ and 8162 galaxies with a lower sSFR
and Mstar > 10
10M⊙).
In Section 4, we divide our sample by sSFR and inves-
tigate the distribution of the axial ratio as a function of
sSFR. In addition to sSFR itself, we also use differences
in log (sSFR) from the main sequence of star-forming
galaxies, namely, ∆MS. In order to define the main se-
quence, we calculated the clipping mean of sSFR for
galaxies in each redshift bin with a width of ∆z = 0.1
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(Figure 2). In the calculation, we used 2σ clipping with
additionally excluding objects with sSFR more than an
order of magnitude lower than the mean. Since the sSFR
of the main sequence of star-forming galaxies depends
on stellar mass especially at z . 1 (e.g., Kajisawa et al.
2010; Ilbert et al. 2015; Popesso et al. 2019), we sepa-
rately estimated the mean sSFR for galaxies with differ-
ent stellar masses. Figure 2 shows the different evolu-
tionary trends of the mean sSFR for star-forming galax-
ies with different masses. In order to take the evolution
of the main sequence into account, we fitted the loga-
rithm of the mean sSFR as a function of redshift with a
linear line for galaxies at 0.2 < z < 0.6 and 0.6 < z < 1.0
separately. The fitting results are summarized in Ta-
ble 1. Because there are few star-forming galaxies with
Mstar > 10
11M⊙, we did not define the main sequence
for those with Mstar > 10
11M⊙. In the following, we
use these equations to calculate the sSFR of the main
sequence and ∆MS (= log (sSFR)− log (sSFRMS)) for
each object with Mstar < 10
11M⊙.
3. ANALYSIS
3.1. Measurement of axial ratio
We measured apparent axial ratios of the sample
galaxies on publicly available COSMOS HST/ACS
IF814W-band data version 2.0 (Koekemoer et al. 2007)
using the SExtractor software version 2.5.0 (Bertin, & Arnouts
1996). The pixel scale of the data is 0.03 arcsec/pixel
and the FWHM of PSF is ∼ 0.1 arcsec. At first, we
cut out a 12′′× 12′′ IF814W-band image centered on the
position of each sample galaxy detected on the Subaru
i′-band data. We made the SEGMENTATION image
for the i′-band data with SExtractor, and used it to
mask pixels belonging to any other i′-selected objects
on the 12′′× 12′′ IF814W-band image. We then ran SEx-
tractor on the masked IF814W-band images to measure
apparent axial ratios of the sample galaxies. A detection
threshold of 1.3 times the local background root mean
square over 12 connected pixels was used. In order to
avoid the over-deblending due to the dust extinction,
in particular, the dust lane in edge-on disk galaxies,
we chose no deblending (DETECTED MINCONT=1)
and required the position of the detected object on the
IF814W-band image to coincide that of the target object
selected on the i′-band image within 0.6 arcsec, which
roughly corresponds to the FWHM of the PSF of the
i′-band data.
SExtractor computed the second order moments along
the major and minor axes of the object as follows:
a2 =
x2 + y2
2
+
√
(
x2 − y2
2
)2 + xy2 (1)
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Figure 3. The median errors of the measured apparent
axial ratio for our subsamples at 0.2 < z < 0.6 (top) and
0.6 < z < 1.0 (bottom) as a function of axial ratio. Squares
show star-forming galaxies on the main sequence with ∆MS
= −0.5 – +0.5 dex, and circles show passively evolving galax-
ies with ∆MS < −1.5 dex. The different colors of the sym-
bols represent those galaxies with different stellar masses.
b2 =
x2 + y2
2
−
√
(
x2 − y2
2
)2 + xy2, (2)
where x2, y2, and xy are the second order moments of
the object in the x-y coordinate, i.e.,
x2 =
∑
i∈S Ii(xi − x)
2∑
i∈S Ii
(3)
y2 =
∑
i∈S Ii(yi − y)
2∑
i∈S Ii
(4)
xy =
∑
i∈S Ii(xi − x)(yi − y)∑
i∈S Ii
. (5)
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Using the second order moments along the major and
minor axes, we calculated b/a as the axial ratio of the
object. Since an ellipse with semi-major and minor radii
of 3 × a and 3 × b usually includes most of the flux
for galaxies with a normal surface brightness profile, we
excluded a galaxy with b smaller than 1.3 pixel (i.e.,
3×b < 0.1 arcsec), which is too small to reliably measure
the apparent axial ratio with the spatial resolution of the
HST data. There is only one object with such a small
size in our sample, and it is excluded from the analysis.
While those estimated from the surface brightness fit-
ting under the assumption of some parametric forms
of the profile were used in previous studies (e.g.,
Padilla, & Strauss 2008; Holden et al. 2012), the sec-
ond order moments allow us to directly estimate the
axial ratio without assuming the surface brightness pro-
file of the object. On the other hand, the measured
second order moments can be contributed from several
components if exist for example, bulge and disk in spiral
galaxies, because we didn’t carry out the decomposition
of these components. It is expected that a larger and/or
brighter component tends to dominate the second order
moments of the object in such cases. We keep in mind
these things in discussing our results.
We show examples of sample galaxies with different
measured values of the axial ratio in Appendix A. Figure
3 shows median values of the statistical errors in the ax-
ial ratios as a function of axial ratio itself for the sample
galaxies with different stellar masses, sSFRs, and red-
shifts. Although the uncertainty clearly increases with
increasing axial ratio, the errors are δ(b/a) ∼ 0.005 at
0.2 < z < 0.6 and ∼ 0.012 at 0.6 < z < 1.0 even for the
least massive (faintest) galaxies in our sample. These
are sufficiently small compared to a bin width of 0.1 for
the axial-ratio distribution we used in this study, and
the measurement errors do not significantly affect our
results in the following sections.
3.2. Estimate of intrinsic 3-dimensional shape
In order to infer the intrinsic 3-dimensional shape of
our sample galaxies, we fitted the distribution of the
apparent axial ratio with triaxial ellipsoid models, fol-
lowing Ryden (2004). The shape of the triaxial model
is characterized by two parameters, namely, face-on ax-
ial ratio B/A and edge-on axial ratio C/A, where A,
B, and C are radii in the major, middle and minor
axes (A > B > C). We assumed Gaussian distribu-
tions for both B/A and C/A, and performed Monte
Carlo simulations to estimate the distribution of the
apparent axial ratio. We chose the Gaussian distribu-
tion for B/A instead of a log-normal distribution for
ǫ = 1 − B/A used in Ryden (2004), because the mod-
els with a Gaussian distribution for B/A could repro-
duce the observed distributions better than those with
the log-normal one, especially for star-forming (disky)
galaxies. We also examined models with a Gaussian dis-
tribution for the triaxiality (T = (A2 −B2)/(A2 −C2))
used by Chang et al. (2013), van der Wel et al. (2014a),
and Zhang et al. (2019) instead of B/A, and confirmed
that the both models produced the similar results. We
preferred those with Gaussian distributions for both
B/A and C/A because of ease to understand the fit-
ting results. In the simulation, we calculated an ap-
parent axial ratio for a given combination of B/A and
C/A assuming a random viewing angle, following Binney
(1985). Thus free parameters in the fitting are the mean
and dispersion of B/A and C/A, namely, µB/A, σB/A,
µC/A, and σC/A. For each combination of these four
parameters, we carried out 100000 simulations to calcu-
late the distribution of the apparent axial ratio. We used
a bin width of 0.1 to represent the both observed and
simulated distributions of the apparent axial ratio. In
the simulation, we set a criterion of µC/A < µB/A ≤ 1
to ensure A > B > C, and we calculated the appar-
ent axial ratio by swapping B/A and C/A values in the
case of B/A < C/A, which could occurs when µC/A
is nearly equal to µB/A or σB/A and/or σC/A are rel-
atively large. We also set a lower limit of C/A > 0.05
to match the observed distribution of the apparent axial
ratio, where there is no object with an apparent axial
ratio of b/a < 0.1 in our sample. We calculated statis-
tical errors based on the square root of the number of
sample galaxies in the bins except for bins with a very
small number of objects, for which we adopted the up-
per and lower confidence limits given by Gehrels (1986).
We simply used the grid search to find the best-fitting
parameters with the minimum χ2 method and estimated
their 68% confidence ranges with the ∆χ2 method. In
the fitting procedures, µB/A and µC/A range from 0.05
to 1 with a step of 0.005, and σC/A ranges from 0.01
to 0.5 with a step of 0.01. We used three step widths
for σB/A, namely, 0.01 at 0.01 < σB/A < 0.5, 0.02 at
0.5 < σB/A < 0.8, and 0.04 at 0.8 < σB/A < 1.0. We
present the fitting results for subsamples used in this
study in Appendix B and Table 2. The best-fit models
are consistent with the observed distributions within the
errors for all the subsamples.
4. RESULTS
4.1. Dependence of axial ratio & 3-D shape on sSFR
In order to investigate the 3-dimensional shape of
galaxies as a function of redshift, stellar mass, and sSFR,
we divided the sample galaxies into subsamples with dif-
ferent properties and derived their distribution of the
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Figure 4. The distribution of the apparent axial ratio for subsamples at 0.2 < z < 0.6 as a function of sSFR and stellar mass.
The sSFR decreases from top to bottom row, and the stellar mass increases from left to right column. The error bars are based
on the square root of the number of objects in the bin except for cases with a very small number of objects (see text). The
distribution for star-forming galaxies on the main sequence with ∆MS = −0.5 – +0.5 dex in the same mass range is also shown
for reference, although that of those galaxies with log (sSFR) > −12 are plotted for reference in the Mstar > 10
11M⊙ bins. The
total number of objects in the subsample is also shown in each panel.
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Figure 5. Same as Figure 4, but for galaxies at 0.6 < z < 1.0. In the Mstar > 10
11M⊙ bins, that of those galaxies with
log (sSFR) > −11.5 is plotted for reference.
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Figure 6. The distribution of the apparent axial ratio for subsamples at 0.2 < z < 0.6 as a function of ∆MS and stellar mass.
The ∆MS decreases from top to bottom row, and the panels in the left (right) column show galaxies withMstar = 10
10–1010.5M⊙
(1010.5–1011M⊙). The distribution for the main-sequence galaxies with ∆MS = −0.5 – +0.5 dex in the same mass range is also
shown for reference. The total number of objects in the subsample is also shown in each panel.
axial ratio separately. We basically divided by red-
shift into those at 0.2 < z < 0.6 and 0.6 < z < 1.0
to study the evolution, and by stellar mass into those
with Mstar = 10
9.5–1010M⊙, 10
10–1010.5M⊙, 10
10.5–
1011M⊙, and Mstar > 10
11M⊙ to investigate the mass
dependence. Figures 4 and 5 show the distribution of
the axial ratio as a function of sSFR for galaxies at
0.2 < z < 0.6 and 0.6 < z < 1.0, respectively. We plot
only those for the subsamples with sufficient number of
objects (n > 50) to ensure the statistical accuracy. For
Mstar = 10
9.5–1010M⊙, galaxies with a relatively low
sSFR are missed from our sample due to the incom-
pleteness by the criterion ofMV < −20 as mentioned in
Section 2. On the other hand, the number of massive
star-forming galaxies with Mstar & 10
11M⊙ is intrinsi-
cally small, and the results for these galaxies are also
not shown in the figures.
In Figures 4 and 5, one can see the axial-ratio dis-
tribution changes with decreasing sSFR for most of the
redshift and stellar mass bins. We also plot the distribu-
tion for star-forming galaxies on the main sequence, i.e.,
those with ∆MS = −0.5 – +0.5 dex in the same red-
shift and stellar mass bin for reference. For those with
Mstar > 10
11M⊙, we could not define the main sequence
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Figure 7. Same as Figure 6, but for galaxies at 0.6 < z < 1.0.
as mentioned in Section 2 and plot that of galaxies with
sSFR > 10−12 yr−1 at 0.2 < z < 0.6 and those with
sSFR > 10−11.5 yr
−1 at 0.6 < z < 1.0 in the same mass
range for reference. The distribution for star-forming
galaxies at a relatively high sSFR tends to be flat with
a plateau over b/a = 0.3 – 0.9. On the other hand, the
fraction of galaxies with b/a < 0.5 decreases with de-
creasing sSFR, and the distributions at low sSFRs have
a peak around b/a ∼ 0.8 – 0.9. As shown in previous
studies, the flat distribution indicates a relatively flat
disk 3-dimensional shape, while that with a peak around
b/a ∼ 0.8 – 0.9 is expected for more thick spheroidal
shape. Thus Figures 4 and 5 suggest that star-forming
galaxies except for those with a extremely high sSFR are
basically disk-dominated galaxies and passively evolving
galaxies with a low sSFR have spheroidal morphology,
which is consistent with the results in many previous
studies at z < 1 mentioned in Section 1.
The sSFR at which the transition from the flat distri-
bution to that with a peak around b/a ∼ 0.8 – 0.9 occurs
seems to depend on both redshift and stellar mass. The
distributions for galaxies with Mstar = 10
10–1010.5M⊙
and 1010.5–1011M⊙ at 0.2 < z < 0.6 significantly change
around sSFR ∼ 10−11 yr−1 and ∼ 10−11.5 yr−1, re-
spectively. On the other hand, those for galaxies in
the same mass ranges at 0.6 < z < 1.0 change around
sSFR ∼ 10−10.5 yr−1 and ∼ 10−11 yr−1, respectively.
The transition sSFR is higher for less massive galax-
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Figure 8. The best-fit mean values of the intrinsic face-on axial ratio µB/A (top panels) and edge-on axial ratio µC/A (bottom
panels) as a function of ∆MS for galaxies at 0.2 < z < 0.6 (left) and 0.6 < z < 1.0 (right). Blue symbols show galaxies with
Mstar = 10
10–1010.5M⊙, and red symbols show those with 10
10.5–1011M⊙. The error bars represent the 68% confidence ranges
of the µB/A and µC/A.
ies at higher redshift. In order to investigate the re-
lationship between the transition sSFR and the main
sequence of star-forming galaxies, we divided our sam-
ple by ∆MS defined in Section 2 instead of sSFR itself
and plot the distribution of the apparent axial ratio as
a function of ∆MS in Figures 6 and 7 for galaxies at
0.2 < z < 0.6 and 0.6 < z < 1.0, respectively. We de-
fined those with −0.5 < ∆MS < 0.5 as “main-sequence”
galaxies and plot the distribution of these galaxies in
each panel for reference. The other subsamples have a
bin width of 0.5 dex in ∆MS that is offsetted by 0.25
dex from the next ones. In Figures 6 and 7, the dis-
tribution for the main-sequence galaxies is flat, and the
transition of the distribution occurs at ∆MS ∼ −1 dex
for the both redshift ranges. The distribution of galaxies
with Mstar = 10
10.5–1011M⊙ changes at ∆MS ∼ −0.75
dex, which is slightly higher than that of galaxies with
1010–1010.5M⊙ in the both redshift bins.
Using the Monte Carlo simulation described in Sec-
tion 3.2, we then fitted the distribution of each subsam-
ple in Figures 6 and 7 with the triaxial ellipsoid models
to estimate the intrinsic 3-dimensional shape. The com-
parisons with the best-fit models and the observed dis-
tributions for the subsamples are presented in Appendix
B. We show the estimated mean values of the intrinsic
face-on axial ratio and edge-on axial ratio, namely, µB/A
and µC/A as a function of ∆MS in Figure 8. The face-on
axial ratio B/A seems to increase with decreasing ∆MS
from B/A ∼ 0.7 – 0.85 at ∆MS ∼ 0 to B/A ∼ 0.8 –
0.95 at ∆MS ∼ −2.5 in the all redshift and stellar mass
bins we investigated, but we cannot conclude it because
the uncertainty in the estimates of B/A is large. The
B/A of galaxies with Mstar = 10
10–1010.5M⊙ may be
systematically higher than those with 1010.5–1011M⊙ at
0.2 < z < 0.6 although the uncertainty is large, while
those with the different mass ranges are consistent with
each other within uncertainty at 0.6 < z < 1.0.
On the other hand, the edge-on axial ratio C/A (i.e.,
thickness) clearly increases with decreasing ∆MS from
C/A ∼ 0.2 – 0.25 at ∆MS ∼ 0 to C/A ∼ 0.3 – 0.5
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Figure 9. The evolution of the distribution of the apparent axial ratio as a function of ∆MS and stellar mass. Top, middle,
and bottom panels show the main-sequence galaxies with ∆MS = −0.5 – +0.5 dex, quenching galaxies with ∆MS = −1.5 –
−0.5 dex, and passively evolving galaxies with ∆MS < −1.5 dex, respectively. The stellar mass increases from left to right
panels. Blue lines show those galaxies at 0.2 < z < 0.6 and red lines show those at 0.6 < z < 1.0. Note that massive galaxies
with Mstar > 10
11M⊙ are divided into quenching and passively evolving subsamples at a sSFR of 10
−12 and 10−11.5 yr−1 for
those at 0.2 < z < 0.6 and 0.6 < z < 1.0, respectively, where the change of the axial-ratio distribution occurs (see text).
at ∆MS . −1.5, although the uncertainty in some of
bins at −2 < ∆MS < −1 is relatively large due to a
small number of objects especially for less massive and
lower redshift bins. The transition from C/A ∼ 0.2 –
0.25 to ∼ 0.3 – 0.5 occurs around ∆MS ∼ −1 dex in
the all redshift and mass bins, which is consistent with
the results in Figures 6 and 7. One can also see the
C/A of galaxies with Mstar = 10
10–1010.5M⊙ changes
at a slightly higher ∆MS of ∼ −0.75 dex than that of
galaxies with 1010.5–1011M⊙ in the both redshift ranges.
We also note that the distributions of the apparent
axial ratio of galaxies with Mstar = 10
10–1010.5M⊙ and
∆MS ∼ −2.0 – −1.5 at 0.2 < z < 0.6 are fitted with
models with a nearly spherical shape of B/A ∼ C/A ∼ 1
and their uncertainty of µC/A is extremely large. The
small numbers of objects in these bins (n ∼ 130) make
the statistical uncertainty of the distribution relatively
large, and the constraints on the intrinsic axial ratios
are weak. Furthermore, while the distributions have a
broad peak around b/a ∼ 0.8 – 1.0, there are also a
non-negligible fraction of galaxies with b/a = 0.2 – 0.3.
Such distributions cannot be explained by the models
with a narrow range of C/A, and only the models with
a relatively large σC/A enable to reproduce these dis-
tributions (see Appendix C for details). In such cases
with a large σC/A, there are models with various µC/A
values allowed by the observed distribution, which leads
to the very large uncertainty of µC/A for these galax-
ies. With the small sizes of these subsamples, we cannot
conclude whether the non-negligible fractions of galax-
ies with b/a = 0.2 – 0.3 are caused by the statistical
fluctuation or not.
4.2. Evolution of axial ratio & 3-D shape
In order to investigate the evolution of the intrin-
sic shape of star-forming and passively evolving galax-
ies with high statistical accuracy, we here divided our
sample by ∆MS into three subsamples, namely, star-
forming main-sequence galaxies with −0.5 < ∆MS <
0.5, quenching galaxies with −1.5 < ∆MS < −0.5, and
passively evolving galaxies with ∆MS < −1.5. We chose
these criteria in ∆MS taking account of the ∆MS depen-
dence of the axial-ratio distribution and its transition
found in the previous section. The main-sequence galax-
ies have the relatively flat distribution of the apparent
axial ratio, which suggests low-C/A disky morphology,
while passively evolving galaxies show higher-C/A and
thick spheroidal morphology. Quenching galaxies are de-
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Figure 10. The probability distribution of the intrinsic face-on axial ratio B/A calculated from the best-fit µB/A and σB/A as
a function of stellar mass for the main sequence (top) and passively evolving (bottom) subsamples. The stellar mass increases
from left to right panels. Blue lines show those galaxies at 0.2 < z < 0.6 and red lines show those at 0.6 < z < 1.0. The shaded
regions represent the 68% confidence ranges calculated with the ∆χ2 method. The best-fit µB/A and σB/A values are also shown
in each panel.
Figure 11. Same as Figure 10, but for the intrinsic edge-on axial ratio C/A calculated from the best-fit µC/A and σC/A.
fined as that between these two populations. For galax-
ies with Mstar > 10
11M⊙, we cannot define the main
sequence and therefore used constant sSFR values as
criteria. We divided these massive galaxies into quench-
ing and passively evolving subsamples at sSFR = 10−12
and 10−11.5 yr−1 for those at 0.2 < z < 0.6 and
0.6 < z < 1.0, respectively. We also set these crite-
ria for massive galaxies taking account of the transition
of the axial-ratio distribution.
In Figure 9, we compare the distributions of the ap-
parent axial ratio for galaxies at 0.2 < z < 0.6 and
0.6 < z < 1.0 in each stellar mass and ∆MS bin. Those
of the main-sequence galaxies in the two redshift bins
are consistent with each other within uncertainty in the
all mass ranges, although the fraction of galaxies with
b/a ∼ 0.7 – 0.8 is marginally higher at 0.6 < z < 1.0
for galaxies with Mstar = 10
10–1011M⊙. These galaxies
basically show the flat distribution. On the other hand,
passively evolving galaxies with Mstar < 10
11M⊙ show
a significant evolution. Those galaxies at 0.2 < z < 0.6
have the flatter distribution with higher fraction of ob-
jects with b/a < 0.5 and lower peak around b/a ∼ 0.8
– 0.9 than those at 0.6 < z < 1.0. The evolution
seems to be stronger for passively evolving galaxies with
Mstar = 10
10–1010.5M⊙ than those with 10
10.5–1011M⊙.
In contrast to these galaxies withMstar < 10
11M⊙, mas-
sive passively evolving galaxies with Mstar > 10
11M⊙
show no significant evolution, although the uncertainty
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Table 2. the best-fit parameters of the triaxial ellipsoid models for the subsamples
stellar mass ∆MS µB/A σB/A µC/A σC/A χ
2
min
a
z = 0.2–0.6
logMstar = 9.5–10 ∆MS = −0.5 – +0.5 0.855
+0.095
−0.055 0.20
+0.07
−0.05 0.265
+0.025
−0.020 0.09
+0.04
−0.03 5.66
logMstar = 10–10.5 ∆MS = −0.5 – +0.5 0.840
+0.160
−0.070 0.27
+0.25
−0.07 0.230
+0.080
−0.025 0.09
+0.11
−0.04 10.7
∆MS = −1.5 – −0.5 0.780+0.220−0.055 0.17
+0.18
−0.05 0.275
+0.065
−0.035 0.06
+0.05
−0.05 1.27
∆MS < −1.5 1.000+0.000−0.110 0.18
+0.03
−0.07 0.370
+0.035
−0.030 0.10
+0.04
−0.02 1.61
logMstar = 10.5–11 ∆MS = −0.5 – +0.5 0.775
+0.225
−0.100 0.30
+0.34
−0.09 0.210
+0.06
−0.03 0.06
+0.08
−0.05 1.07
∆MS = −1.5 – −0.5 0.830+0.170−0.050 0.14
+0.13
−0.05 0.315
+0.040
−0.035 0.08
+0.04
−0.03 0.263
∆MS < −1.5 0.830+0.115−0.035 0.14
+0.10
−0.04 0.325
+0.035
−0.020 0.08
+0.02
−0.02 1.45
logMstar > 11 log (sSFR) > −12.0 0.835
+0.165
−0.195 0.33
+0.67
−0.17 0.335
+0.125
−0.075 0.10
+0.07
−0.05 0.847
log (sSFR) < −12.0 0.795+0.205−0.130 0.11
+0.89
−0.05 0.490
+0.245
−0.055 0.19
+0.31
−0.11 3.19
z = 0.6–1.0
logMstar = 9.5–10 ∆MS = −0.5 – +0.5 0.800
+0.015
−0.020 0.17
+0.02
−0.01 0.255
+0.010
−0.010 0.08
+0.01
−0.01 2.02
10–10.5 ∆MS = −0.5 – +0.5 0.805+0.020−0.025 0.18
+0.03
−0.03 0.245
+0.010
−0.010 0.07
+0.01
−0.01 11.4
∆MS = −1.5 – −0.5 0.840+0.075−0.045 0.15
+0.07
−0.03 0.295
+0.030
−0.015 0.07
+0.03
−0.02 4.42
∆MS< −1.5 0.890+0.110−0.170 0.12
+0.26
−0.04 0.500
+0.245
−0.025 0.14
+0.15
−0.02 1.48
logMstar = 10.5–11 ∆MS= −0.5 – +0.5 0.710
+0.040
−0.020 0.19
+0.05
−0.03 0.230
+0.020
−0.020 0.06
+0.02
−0.02 3.06
∆MS = −1.5 – −0.5 0.915+0.085−0.090 0.20
+0.14
−0.08 0.385
+0.080
−0.035 0.12
+0.05
−0.03 5.92
∆MS < −1.5 0.875+0.030−0.030 0.13
+0.03
−0.03 0.400
+0.015
−0.020 0.10
+0.01
−0.02 5.06
logMstar > 11 log (sSFR) > −11.5 0.810
+0.060
−0.050 0.16
+0.09
−0.05 0.335
+0.035
−0.030 0.09
+0.04
−0.02 4.56
log (sSFR) < −11.5 0.870+0.130−0.175 0.11
+0.32
−0.04 0.445
+0.285
−0.035 0.15
+0.18
−0.04 0.490
athe minimum χ2 value in the fitting (9 degrees of freedom).
is relatively large due to a small number of these massive
galaxies. These massive galaxies have more peaky distri-
bution skewed toward high b/a value than less massive
ones with 1010.5–1011M⊙ in the both redshift ranges.
Quenching galaxies show marginal differences between
those at 0.2 < z < 0.6 and 0.6 < z < 1.0, although
the uncertainty is large. The subsamples at 0.2 < z <
0.6 tend to have the flatter distribution or that skewed
toward lower b/a value, but this could depend on the
choice of the criteria in ∆MS for these galaxies. On
the other hand, the evolutionary trends of the main-
sequence and passively evolving populations mentioned
above are not changed by the choice of the criteria.
We estimated the intrinsic 3-dimensional shape from
the distribution of the apparent axial ratio for the main
sequence and passively evolving populations with the
Monte Carlo simulations, and show the results for the
face-on axial ratio B/A and edge-on axial ratio C/A
in Figures 10 and 11, respectively. In the figures, we
plot the probability distributions of B/A and C/A and
their uncertainty estimated from the best-fit parame-
ters and their errors, and compare those for galaxies at
0.2 < z < 0.6 and 0.6 < z < 1.0. Note that these
are not the likelihood functions of µB/A and µC/A, but
the Gaussian probability distributions calculated from
the best-fit values of µB/A, σB/A, µC/A, and σC/A, and
their confidence ranges. Since each Gaussian distribu-
tion is normalized so that the integration over B/A or
C/A becomes unity, the confidence range of the proba-
bility would be high if a relatively small value of σB/A
or σC/A, which corresponds to a narrow Gaussian dis-
tribution, is allowed for a certain value of µB/A or µC/A.
The fitting results are also summarized in Table 2.
The main-sequence galaxies show no evolution in the
edge-on axial ratio C/A, while the face-on axial ra-
tio B/A of these galaxies show marginal changes at
Mstar > 10
10M⊙. The mean values of B/A of those
galaxies with Mstar = 10
10–1010.5M⊙ (10
10.5–1011M⊙)
evolve from µB/A = 0.805 (0.710) at 0.6 < z < 1.0 to
µB/A = 0.840 (0.775) at 0.2 < z < 0.6, while σB/A
also increases with time. On the other hand, passively
evolving galaxies with Mstar < 10
11M⊙ show a signif-
icant evolution in the edge-on axial ratio C/A. The
mean values of C/A of passively evolving galaxies with
Mstar = 10
10–1010.5M⊙ (10
10.5–1011M⊙) decreases with
time from µC/A = 0.500 (0.400) at 0.6 < z < 1.0 to
µC/A = 0.370 (0.325) at 0.2 < z < 0.6. Passively evolv-
ing galaxies with Mstar > 10
11M⊙ have relatively high
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Figure 12. The best-fit values of the mean intrinsic face-on axial ratio µB/A and edge-on axial ratio µC/A for the main-
sequence galaxies (top panels) and passively evolving galaxies (bottom panels) at 0.2 < z < 0.6 (left) and 0.6 < z < 1.0 (right).
The different colors show galaxies with different stellar masses. The error bars represent the 68% confidence ranges of the µB/A
and µC/A. The diagonal line indicates the criterion of B/A > C/A set from the definition of A > B > C.
C/A values but show no significant evolution in both
B/A and C/A. We summarize the mean values of B/A
and C/A for star-forming and passively evolving galax-
ies in Figure 12. It is seen that C/A of passively evolv-
ing galaxies with Mstar < 10
11M⊙ decreases with time,
while main-sequence galaxies show no significant evolu-
tion but only marginal changes in B/A.
4.3. Mass dependence of axial ratio & 3-D shape
In Figure 13, we compare the distributions of the
apparent axial ratio for the main-sequence subsamples
with different stellar mass ranges to investigate the
mass dependence of the 3-dimensional shape of star-
forming galaxies. While the distributions for all the
main-sequence subsamples are relatively flat over b/a ∼
0.2 – 1.0, more massive galaxies tend to show lower
values of b/a in the both redshift ranges. More mas-
sive main-sequence galaxies have a higher fraction of
objects with b/a < 0.5 and a lower fraction of those
with b/a > 0.8 than less massive ones. The mass depen-
dence of the distribution in the main-sequence galaxies
reflects mass-dependent edge-on axial ratio C/A (thick-
ness) of these galaxies seen in Figure 12. Main-sequence
galaxies with Mstar = 10
9.5–1010M⊙, 10
10–1010.5M⊙,
and 1010.5–1011M⊙ at 0.2 < z < 0.6 (0.6 < z < 1.0)
have the best-fit mean values of the edge-on axial ratio
µC/A = 0.265, 0.230, and 0.210 (0.255, 0.245, and 0.230),
respectively. The thickness of star-forming galaxies on
the main sequence decreases with stellar mass in the
both redshift ranges, although the uncertainty in these
estimated values is not negligible, especially for more
massive galaxies at lower redshift. It is also noted that
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Figure 13. The mass dependence of the distribution of the apparent axial ratio for the main-sequence galaxies at 0.2 < z < 0.6
(left) and 0.6 < z < 1.0 (right). The different colors of the lines show galaxies with different stellar masses. The total numbers
of objects in the subsamples are also shown in each panel.
Figure 14. Same as Figure 13, but for the passively evolving galaxies.
those galaxies with Mstar = 10
10.5–1011M⊙ show lower
values of the face-on axial ratio B/A than those less
massive galaxies with Mstar < 10
10.5M⊙ in the both
redshift ranges. The difference in B/A may reflect the
contribution from the bulge or bar structure, since more
massive star-forming galaxies tend to show the high
bulge fraction and/or strong bar (e.g., Bluck et al. 2019;
Cervantes Sodi 2017).
On the other hand, passively evolving galaxies show
more complex dependence of the axial-ratio distribu-
tion on stellar mass. Figure 14 shows the distribu-
tion of the apparent axial ratio for passively evolving
galaxies with the different mass ranges in each redshift
range. In the both redshift ranges, those galaxies with
Mstar = 10
10.5–1011M⊙ show more flatter distribution
and a higher fraction of objects with b/a < 0.5 than the
subsamples with Mstar > 10
11M⊙ and Mstar = 10
10–
1010.5M⊙. The distribution of those with Mstar = 10
10–
1010.5M⊙ is clearly flatter than massive galaxies with
Mstar > 10
11M⊙ at 0.2 < z < 0.6, while the distri-
bution of those low-mass galaxies is similar with that
of massive galaxies at 0.6 < z < 1.0. In Figure
12, passively evolving galaxies with Mstar = 10
10.5–
1011M⊙ similarly show lower µC/A values than those
with Mstar > 10
11M⊙ and Mstar = 10
10–1010.5M⊙ in
the both redshift ranges. The µC/A value of those with
1010–1010.5M⊙ is lower than the most massive galaxies
at 0.2 < z < 0.6, while they show the similar µC/A val-
ues at 0.6 < z < 1.0. As seen in the previous section,
the thickness of those with 1010–1010.5M⊙ and 10
10.5–
1011M⊙ clearly decreases with time from µC/A = 0.500
and 0.400 at 0.6 < z < 1.0 to 0.370 and 0.325 at
0.2 < z < 0.6, respectively. Although the evolution
in the thickness is stronger for lower mass galaxies, the
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Figure 15. Same as Figure 10, but for galaxies at 0.2 < z < 0.6 with the different surface brightness limits in the measurements
of the apparent axial ratio. While blue lines show the results in the original analysis, the black lines show those with the two
times brighter surface brightness limit.
Figure 16. Same as Figure 15, but for the intrinsic edge-on axial ratio C/A.
µC/A value of those with 10
10–1010.5M⊙ is still higher
than those with 1010.5–1011M⊙ even at 0.2 < z < 0.6.
The most massive galaxies show no significant evolution
in their intrinsic shape and they have relatively high
µC/A values of 0.45 – 0.49.
4.4. possible biases
We here examine possible biases that could affect the
results described in the previous sections, namely, the
cosmological surface brightness dimming, morphological
K-correction, incompleteness by the absolute magnitude
limit, environmental effect, and size dependence of the
axial-ratio distribution.
4.4.1. Cosmological surface brightness dimming
As described in Section 3.1, we used the surface bright-
ness threshold of 1.3 times the local background root
mean square in the measurements of the apparent ax-
ial ratio on the IF814W-band data. Since the surface
brightness of objects decreases with increasing redshift
by a factor of (1 + z)4 ((1 + z)3 in AB mag/arcsec2)
due to the cosmological expansion, the constant isopho-
tal threshold in the measurements corresponds to the
brighter intrinsic surface brightness limit for galaxies
at higher redshifts. Thus the apparent axial ratio of
a galaxy at higher redshift tends to be measured in a
brighter part of the object. This bias could affect our
results about the evolution of the axial-ratio distribution
in the previous sections.
In order to check the effects of the cosmological surface
brightness dimming, we re-analyzed the sample galaxies
18 Satoh et al.
Table 3. the best-fit parameters for galaxies at 0.2 < z < 0.6 with the two times brighter surface
brightness limit
stellar mass ∆MS µB/A σB/A µC/A σC/A χ
2
min
a
z = 0.2–0.6
logMstar = 9.5–10 ∆MS = −0.5 – +0.5 0.825
+0.135
−0.045 0.20
+0.10
−0.05 0.250
+0.025
−0.025 0.10
+0.05
−0.03 6.55
logMstar = 10–10.5 ∆MS = −0.5 – +0.5 0.855
+0.145
−0.085 0.28
+0.17
−0.07 0.220
+0.050
−0.020 0.07
+0.09
−0.02 5.54
∆MS = −1.5 – −0.5 0.780+0.095−0.040 0.14
+0.09
−0.04 0.255
+0.030
−0.030 0.04
+0.03
−0.03 2.09
∆MS < −1.5 0.985+0.015−0.115 0.17
+0.04
−0.09 0.365
+0.030
−0.030 0.09
+0.03
−0.02 1.11
logMstar = 10.5–11 ∆MS = −0.5 – +0.5 0.665
+0.050
−0.030 0.20
+0.07
−0.04 0.180
+0.030
−0.020 0.03
+0.06
−0.02 3.54
∆MS = −1.5 – −0.5 0.840+0.160−0.040 0.14
+0.16
−0.05 0.310
+0.050
−0.035 0.08
+0.04
−0.02 2.75
∆MS < −1.5 0.845+0.155−0.040 0.14
+0.12
−0.04 0.315
+0.035
−0.020 0.07
+0.03
−0.01 1.61
logMstar > 11 log (sSFR) > −12.0 0.755
+0.245
−0.285 0.26
+0.74
−0.12 0.330
+0.185
−0.090 0.11
+0.39
−0.06 2.39
log (sSFR) < −12.0 0.800+0.200−0.110 0.10
+0.78
−0.04 0.505
+0.245
−0.060 0.20
+0.30
−0.12 0.701
athe minimum χ2 value in the fitting (9 degrees of freedom).
at 0.2 < z < 0.6 with a surface brightness threshold two
times brighter than that in the original analysis. We
chose the factor of two considering the average dimming
factor ratio of (1 + 0.8)3/(1 + 0.4)3 between our sub-
samples at 0.2 < z < 0.6 and 0.6 < z < 1.0. Using
the measurements with the brighter surface brightness
threshold, we carried out the same analyses to calculate
the distribution of the apparent axial ratio as a function
of stellar mass and ∆MS and estimate the 3-dimensional
shape with the Monte Carlo simulations. In Figures 15
and 16, we show the results of the intrinsic face-on ax-
ial ratio B/A and edge-on axial ratio C/A and compare
them with those in the original analysis. The fitting re-
sults are also summarized in Table 3. The all results
with the brighter threshold are consistent with the orig-
inal ones within the errors. Although the edge-on axial
ratio C/A tends to be lower values by ∼ 0.01 in the
results with the brighter threshold, the differences are
small and within the uncertainty. We conclude that the
cosmological surface brightness dimming does not signif-
icantly affect our results. We also note that the effects
of the brighter threshold on the results do not depend
on stellar mass. Thus, it is not the case that low-mass
(faint) galaxies are preferentially affected by the sur-
face brightness limit. For example, the mass dependence
of the C/A for the main-sequence galaxies, i.e., thicker
shapes for low-mass star-forming ones, is not changed
by the brighter surface brightness threshold at all.
4.4.2. Morphological K-correction
We measured the apparent axial ratio on the IF814W-
band data, which correspond to the rest-frame V band
for galaxies at z ∼ 0.4 and the rest-frame B band for
those at z ∼ 0.8. Such differences in the rest-frame
wavelength could cause some biases in the morpholog-
ical analysis due to the color differences between bulge
and disk, the blue star-forming regions/clumps, the
dust extinction effect, and so on (e.g., Windhorst et al.
2002; Huertas-Company et al. 2009; Wuyts et al. 2012;
Vika et al. 2013; Murata et al. 2014; Mager et al. 2018).
In order to check the effects of the morphological
K-correction, we used publicly available HST/ACS
VF606W -band data over a 0.05 deg
2 region in the COS-
MOS field from the CANDELS survey (Grogin et al.
2011; Koekemoer et al. 2011). With the VF606W-band
data, we can measure the apparent axial ratio of galax-
ies at 0.2 < z < 0.6 in the rest-frame B band, and
investigate to what extent the difference in the rest-
frame wavelength affects the measurements. There are
92 main-sequence and 51 passively evolving galaxies
with VF606W < 25 at 0.2 < z < 0.6 in the region, and
we measured the apparent axial ratio of these galaxies
on the VF606W-band data with the same way. In Figure
17, we compare the apparent axial ratios b/a mea-
sured on the VF606W-band data with those measured
on the IF814W-band data. The differences between the
VF606W and IF814W bands are also summarized in Table
4. The apparent axial ratios measured on the VF606W
and IF814W-bands data agree well with each other for
the both main-sequence and passively evolving popula-
tions. The average values of (b/a)F606W − (b/a)F814W
are -0.006 and -0.007 for main-sequence and passively
evolving galaxies, respectively. These systematic off-
sets from zero are slightly larger than the averages of
the measurement errors, but much smaller than the
dispersion around the mean value. When we use only
bright subsamples with VF606W < 22, the results do
not significantly change, although the average offsets
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Figure 17. Comparison of the apparent axial ratios measured in the VF606W and IF814W bands for the main-sequence galaxies
(left) and passively evolving galaxies (right) at 0.2 < z < 0.6. Red symbols show relatively bright galaxies with VF606W = 19 –
22, while blue symbols show fainter ones with VF606W = 22 – 25.
Table 4. Comparison of the axial ratios measured in the VF606W and IF814W bands
type VF606W mag Nobj (b/a)F6060W − (b/a)F814W
a (error)∆b/a
b
Main sequence VF606W < 25 92 -0.006 ± 0.037 0.004
VF606W < 22 43 -0.003 ± 0.020 0.002
Passively evolving VF606W < 25 51 -0.007 ± 0.033 0.004
VF606W < 22 30 -0.003 ± 0.022 0.003
athe mean value and standard deviation in the differences of b/a measured in the VF606W
and IF814W bands.
b the mean measurement errors for the differences of b/a measured in the VF606W and
IF814W bands.
and measurement errors become slightly smaller. Since
these systematic offsets are much smaller than the bin
width of 0.1 in the distribution of b/a we used, the mor-
phological K-correction does not significantly affect the
distribution of the apparent axial ratio.
4.4.3. Incompleteness
In Section 2, we noted that the absolute magnitude
limit of MV < −20 causes the incompleteness in the
low-mass end of our sample especially for those at 0.2 <
z < 0.6. We missed ∼ 35 % of the main-sequence galax-
ies with 109.5–1010M⊙ at 0.2 < z < 0.6 by the limit
of MV < −20, while ∼ 20 % of the other galaxies with
1010–1010.5M⊙ at 0.2 < z < 0.6 were missed by the same
limit (Figure 1). In order to check how the incomplete-
ness affects our results, we measured the apparent axial
ratio of those faint galaxies with −20 < MV < −19.5
at 0.2 < z < 0.6 with the same manner. In Fig-
ure 18, we show the distributions of the apparent ax-
ial ratio of galaxies with MV < −19.5 for the main-
sequence galaxies withMstar = 10
9.5–1010M⊙ and 10
10–
1010.5M⊙, and for the passively evolving galaxies with
1010–1010.5M⊙, and compare them with the results for
those with MV < −20. The distributions for the main-
sequence galaxies with MV < −19.5 are slightly skewed
toward lower value of b/a compared with those with
MV < −20 in the both mass ranges. Those faint galax-
ies with −20 < MV < −19.5 have systematically lower
b/a, probably because edge-on star-forming galaxies are
more affected by the dust extinction and are systemati-
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Figure 18. The distribution of the apparent axial ra-
tio for galaxies with MV < −19.5 at 0.2 < z < 0.6. The
top panels show those for the main-sequence galaxies with
Mstar = 10
9.5–1010M⊙ (left) and 10
10–1010.5M⊙ (right),
while the bottom panel shows that for the passively evolving
galaxies with 1010–1010.5M⊙. The distribution for galaxies
with MV < −20 and the same stellar mass, ∆MS, and red-
shift ranges is also shown in each panel for reference. The
total numbers of objects in the subsamples are also shown in
each panel.
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Figure 19. The mass dependence of the distribution
of the apparent axial ratio for the main-sequence galaxies
with MV < −19.5 at 0.2 < z < 0.6. The solid, long-
dashed, and short-dashed lines represent those galaxies with
Mstar = 10
10.5–1011M⊙, 10
10–1010.5M⊙, and 10
9.5–1010M⊙,
respectively. The total numbers of objects in the subsamples
are also shown.
cally fainter at a given stellar mass (e.g, Shao et al. 2007;
Padilla, & Strauss 2008). On the other hand, passively
evolving galaxies with 1010–1010.5M⊙ show no signifi-
cant difference in the distribution between those with
MV < −19.5 and MV < −20. The distribution of those
faint galaxies with −20 < MV < −19.5 is similar with
that of brighter galaxies in the passively evolving popu-
lation.
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Figure 20. The distributions of the local surface density of
our sample galaxies at 0.2 < z < 0.6 (blue) and 0.6 < z < 1.0
(red) estimated by Darvish et al. (2017). The local density
Σ is a unit of Mpc−2 and calculated with the adaptive kernel
smoothing and a redshift width of ±1.5σ∆z/(1+z) (see text).
Figure 19 shows the mass dependence of the axial-
ratio distribution for the main-sequence galaxies with
MV < −19.5. While the distributions for those galaxies
with 109.5–1010.5M⊙ are skewed toward lower values as
seen in Figure 18, one can still see that more massive
galaxies tend to have lower values of b/a. Note that the
distribution for those galaxies with 1010.5–1011M⊙ is not
affected by the choice of the magnitude limit, because
there is only one faint galaxy with MV > −20 in the
subsample with 1010.5–1011M⊙. Therefore we conclude
that the distribution for the main-sequence galaxies re-
ally depends on stellar mass, although we probably over-
estimate the strength of the dependence to some extent
due to the incompleteness effect.
4.4.4. Environments
In order to ensure statistical accuracy, we divided our
sample by redshift into those at 0.2 < z < 0.6 and
0.6 < z < 1.0, and have only two redshift bins. There-
fore differences of the environments between these two
redshift bins could affect our results, although the co-
moving survey volumes of these two bins are relatively
large (1.7 × 106 Mpc3 for the 0.2 < z < 0.6 bin and
4.3 × 106 Mpc3 for the 0.6 < z < 1.0 bin). If the en-
vironments of these two redshift bins are significantly
different from each other, we may mainly see the en-
vironmental dependence rather than the redshift evo-
lution from the comparisons between these two bins.
In order to check this, we investigated the environ-
ments of sample galaxies in the two redshift bins by
using the local surface number density of galaxies esti-
mated with adaptive kernel smoothing by Darvish et al.
(2017). The local number density is calculated with a
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Figure 21. Same as Figure 20, but for subsamples with different stellar mass and ∆MS ranges separately. The configuration
of the panels are the same as Figure 9. The error bars are based on the square root of the number of objects in the bin.
2-dimensional Gaussian kernel with a width changing
according to the density and the global width is se-
lected to be 0.5 Mpc. In the calculation, they used a
redshift width of ±1.5σ∆z/(1+z), which roughly corre-
sponds to be a comoving length of 550–600 Mpc over
0.2 < z < 1.0 (Figure 2 of Darvish et al. 2017), and the
mean densities over the COSMOS field at 0.2 < z < 0.6
and 0.6 < z < 1.0 are similar (their Figure 3). Since
Darvish et al. (2017) estimated the local number den-
sity for galaxies with Mstar > 10
9.6M⊙ selected in the
UltraVISTA field (Laigle et al. 2016), a part of galax-
ies in our sample are not included in their catalog and
unavailable in this analysis. We matched total 19086 ob-
jects in our sample (4731 galaxies at 0.2 < z < 0.6 and
14355 ones at 0.6 < z < 1.0) with those in the catalog
by Darvish et al. (2017).
Figure 20 shows the distributions of the local surface
number density of galaxies at 0.2 < z < 0.6 and 0.6 <
z < 1.0. While the fraction of galaxies in a high-density
region with Σ > 10 Mpc−2 at 0.6 < z < 1.0 is systemat-
ically higher than those at 0.2 < z < 0.6, the distribu-
tions of the local density are basically similar with each
other. In Figure 21, we compared the distributions of
the local density between the two redshift bins for the
subsamples with different stellar mass and ∆MS ranges
separately. One can see that more massive galaxies with
a lower ∆MS tend to be located in higher-density re-
gions. While star-forming galaxies at 0.6 < z < 1.0
seem to be located in slightly higher-density regions than
those at 0.2 < z < 0.6, there is no large difference in
the distribution of the local density between the two
redshift bins for all the subsamples. In order to check
the environmental dependence of the axial-ratio distri-
bution, we also divided the sample galaxies into those
in high-density regions with Σ > 100.5 Mpc−2 and those
in lower-density regions, and compared the distributions
of the apparent axial ratio between these two subsam-
ples at 0.2 < z < 0.6 and 0.6 < z < 1.0 in Figures 22
and 23, respectively. Although low-mass star-forming
galaxies on the main sequence in the high-density re-
gions tend to show slightly higher apparent axial ratios,
which indicates thicker intrinsic shapes, than those in
lower-density regions, the environmental dependence is
not so strong in all the subsamples. By comparing Fig-
ures 22 and 23, we confirmed that the passively evolv-
ing galaxies with Mstar < 10
11M⊙ show the significant
evolution in their axial-ratio distribution irrespective of
environment. We conclude that the differences in the
environment between the two redshift bins do not sig-
nificantly affect our results about the evolution in the
axial-ratio distribution.
4.4.5. Size dependence
Padilla, & Strauss (2008) and Zhang et al. (2019) re-
ported that the axial-ratio distribution of galaxies de-
pends on their sizes. The size dependence could bias
our estimate of the 3-dimensional shape from the axial-
ratio distribution. Therefore we examine the axial-ratio
22 Satoh et al.
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Figure 22. The distributions of the apparent axial ratio for galaxies at 0.2 < z < 0.6 located in the different local densities as
a function of stellar mass and ∆MS. The configuration of the panels are the same as Figure 9. The red lines show those galaxies
in a high-density region with Σ > 100.5 Mpc−2, while the blue lines represent those in a lower-density region with Σ < 100.5
Mpc−2.
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Figure 23. Same as Figure 22, but for galaxies at 0.6 < z < 1.0.
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Figure 24. The axial-ratio distribution as a function of semi-major radius for sample galaxies at 0.2 < z < 0.6. The blue line
shows the median axial ratios in a given size range with a width of 0.1 dex. The histogram represents the size distribution of
galaxies in each Mstar and ∆MS bin. The short dashed curves in the upper left panel show the resolution limit of b < 1.3 pixel
for z = 0.2 and z = 0.6.
distribution as a function of size in Figures 24 and 25.
We used the semi-major radius a calculated from the
second order moment described in Section 3.1 as a size
indicator.
The distributions of main-sequence galaxies in the
Figures 24 and 25 show similar features with those
seen in Zhang et al. (2019) for star-forming galaxies at
0.5 < z < 1.0, namely, a curved boundary at the lower
left corner, a tail of galaxies at the lower right corner,
and a deficiency of galaxies at the upper right corner.
As the combination of these features, the median axial
ratio of main-sequence galaxies decreases with increas-
ing size. In the upper left panels of the both figures, we
also plot the resolution limit of b < 1.3 pixel described
in Section 3.1. The resolution limit does not affect the
distribution of galaxies on the b/a vs. log (a) plain.
The axial-ratio distribution for a given size tends to be
flat over a wide range of size, and the range of the ax-
ial ratio is limited to be higher values at small radii.
Although the curved boundary at the lower left cor-
ner could be caused by the prolate shape of galaxies
(Zhang et al. 2019), the prolate shape leads to a peak
around a relatively low value of b/a, which is not seen
in the observed distributions. Therefore, the observed
curved boundary at the lower left corner indicates that
the 3-dimensional shape of these galaxies is basically
disk-like morphology and their thickness increases with
decreasing size. The tail at the lower right is probably
caused by the dust extinction effect in edge-on galax-
ies as discussed in Zhang et al. (2019). When a disk
galaxy is viewed in a nearly edge-on view, the central
part of galaxies tends to be heavily obscured due to a
larger path-length, which leads to the overestimate of
the second-order moment along the semi-major axis. On
the other hand, the apparent axial ratio b/a is not sig-
nificantly affected by the dust extinction, because the
semi-minor radius along the height direction is simi-
larly overestimated by the dust lane in the edge-on disk.
As a result, edge-on disk galaxies whose sizes are over-
estimated make the tail at the lower right. The fact
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Figure 25. The same as Figure 24, but for galaxies at 0.6 < z < 1.0.
that the tail is negligible or less significant in passively
evolving galaxies with small dust extinction supports
this explanation. The deficiency of galaxies at the up-
per right suggests that the face-on axial ratio B/A is
smaller than unity. The deficiency is more significant
in massive main-sequence galaxies, which is consistent
with the best-fit µB/A values of these galaxies seen in
Figure 12 and Table 2.
The distribution of passively evolving galaxies simi-
larly shows a curved boundary at the lower left and a
deficiency at the upper right, but the distribution for
a given size has a peak around b/a ∼ 0.8, which sug-
gests more thick spheroidal (oblate) shapes. While the
curved boundary at the lower left corner and the defi-
ciency at the upper right are naturally expected for such
thick spheroidal shapes (Zhang et al. 2019), the concen-
tration of small galaxies at high b/a could reflect such
compact galaxies have more spherical shapes than those
with larger sizes.
The features of the distribution on the b/a vs. log (a)
plain mentioned above are similar among the subsam-
ples with different stellar masses for both main-sequence
and passively evolving galaxies, while the size increases
with increasing mass for the both populations. These
features and the size distributions suggest that the size
dependence of the intrinsic shape does not significantly
affect the overall axial-ratio distribution in each bin.
Therefore, we expect that our estimates for the intrin-
sic shape of galaxies with MV < −20 at z < 1 are not
heavily biased by the size dependence, although those
galaxies with smaller sizes tend to have thicker intrin-
sic shapes and (relatively rare) compact galaxies signif-
icantly below the mass-size relation could have system-
atically spherical shapes.
5. DISCUSSION
5.1. 3-dimensional shape transition at ∆MS ∼ −1 dex
We investigated the distribution of the apparent axial
ratio of galaxies with MV < −20 at 0.2 < z < 1.0 as a
function of stellar mass and sSFR, and found that the
distribution and estimated intrinsic shape change from
the thin disk shape with C/A ∼ 0.2 – 0.25 to the thicker
spheroidal shape with C/A ∼ 0.3 – 0.5 around ∆MS
∼ −1 dex irrespective of redshift. We discuss possible
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origins of this transition around ∆MS ∼ −1 dex in the
following.
The major merger is a possible mechanism to cause
both the morphological transition and the quenching of
star formation. Many previous studies with numerical
simulations found that disks of merging galaxies could
be destroyed and changed to the spheroidal remnants in
the major mergers (e.g., Barnes 1988; Naab, & Burkert
2003; Jesseit et al. 2009), while disks may survive in gas-
rich major mergers (e.g., Springel, & Hernquist 2005;
Governato et al. 2009). It is also considered that intense
starbursts are associated with major mergers through
the gas inflow to the galaxy center and/or the gas com-
pression/collapse in the dense tides or clouds, and then
the merging remnants could cease star formation due
to the gas exhaustion or blowout by the supernova
feedback (e.g., Sanders, & Mirabel 1996; Teyssier et al.
2010; Renaud et al. 2014; see also Sparre, & Springel
2016). In such major mergers, however, the timescales
for the starbursts and the morphological transition seem
to vary on a case-by-case basis. For example, Lotz et al.
(2008) reported that the enhanced star formation con-
tinues after the morphological transition in their simu-
lations. Thus the morphological transition to spheroidal
shapes through major mergers does not necessarily oc-
cur when sSFR of the remnants corresponds to ∆MS
∼ −1 dex. Furthermore, if the major merger is the main
driver for the shape transition, it may be difficult to ex-
plain the observed evolution in the shape of passively
evolving galaxies with Mstar < 10
11M⊙ as discussed in
the next section.
The morphological quenching also can cause the de-
crease of sSFR through the stabilization of the gas
disk against the fragmentation to star-forming clumps
by the gravity of the dominant bulge (Martig et al.
2009). The bulge growth in star-forming galaxies
can be stimulated by minor mergers and/or tidal in-
teractions (e.g., Qu et al. 2011; Guedes et al. 2013;
Fiacconi et al. 2015). In this scenario, the morpho-
logical transition should precede the quenching of the
star formation, and therefore there are bulge-dominated
galaxies with a sSFR of the main sequence, i.e., ∆MS
∼ 0. Morselli et al. (2019) investigated spatially re-
solved SFR and stellar mass for galaxies at 0.2 < z < 1.2
with the multi-band HST data in the GOODS fields.
They found that more massive star-forming galaxies on
the main sequence are more bulge-dominated, and that
those at the lower envelope of the main sequence show
more quenched and dominant bulges, which suggests
that the bulge growth proceeded on the main sequence.
Since the shape of galaxies changes into spheroidal-
like before the star formation is quenched in this case,
an additional reason is needed to explain the shape
transition around ∆MS ∼ −1 dex. One possibility is
that such bulge-dominated galaxies with ∆MS ∼ 0 is
minor in number in galaxies on the main sequence, be-
cause there are numerous normal disk-dominated star-
forming galaxies. Since these normal disk galaxies are
concentrated on the main sequence in sSFR, the bulge-
dominated ones become significant in number as their
sSFR decreases. If the sSFR at which such quenching
galaxies start to dominate corresponds to ∆MS ∼ −1
dex irrespective of redshift, the shape transition around
∆MS ∼ −1 dex can be explained.
On the other hand, the quenching of star formation
in disks itself through, for example, the morphologi-
cal quenching mentioned above or environmental effects
such as the starvation or the ram-pressure stripping
(e.g., Balogh et al. 2000; Abadi et al. 1999) could lead
to the changes in the bulge/disk flux ratio. The lumi-
nosity of disks is expected to more rapidly decline just
after the star formation stopped than that of the pas-
sively evolving bulge components. In order to check this
effect, we constructed a toy model that consists of a
passively evolving bulge and a constantly star-forming
and then quenching disk. We used the GALAXEV
population synthesis library to estimate the luminos-
ity evolution of the bulge and disk with assumed star
formation histories. We assumed that the disk com-
ponent continued a constant SFR for 3 Gyr and then
quenched with timescales with τ = 1.0 Gyr, 0.5 Gyr,
and 0 (abruptly stopped), while the single 1 Gyr burst
model with 6 Gyr age when the disk started to quench
was adopted for the bulge component (the top panel of
Figure 26). The model galaxy hasMstar = 3.8×10
10M⊙
(Mbulge = 2.6 × 10
10M⊙ and Mdisk = 1.2 × 10
10M⊙),
sSFR = 10−9.75 yr−1, and the disk to total luminos-
ity ratio D/(B+D) = 0.8 in the rest-frame B band at
the quenching of the disk. Figure 26 shows the star
formation histories and the rest-frame B-band absolute
magnitudes of the bulge and disk components, and the
disk to total luminosity ratio of the model as a func-
tion of time. In the model, sSFR declines by 0.5 and
1 dex for 1.15 (0.58) and 2.3 (1.15) Gyr in the case
with a quenching timescale of 1 (0.5) Gyr. The disk
becomes fainter by ∼ 1 mag during the sSFR declines
by 1 dex in the cases of τ = 1 and 0.5 Gyr, which leads
to a decrease in the disk fraction from ∼ 0.8 to ∼ 0.6.
We then carried out a Monte Carlo simulation with the
IRAF/ARTDATA package to examine the effect of the
decrease of the disk fraction on the axial-ratio distribu-
tion. We added artificial objects at z = 0.8 with the disk
and bulge components of the toy model to sky regions in
the ACS IF814W-band images and measured the appar-
26 Satoh et al.
0
0.2
 0.4
 0.6
 0.8
 1.0
-6 -5 -4 -3 -2 -1  0  1  2  3
D
is
k 
fra
ct
io
n 
 [D
/(B
+D
)]
time (Gyr)
Disk: Single 3Gyr burst + τ=1Gyr quench
+ τ=0.5Gyr quench
+ complete quench
-24
-23
-22
-21
-20
-19
-18
-17
M
   
 (V
eg
a)
Bulge: Single 1Gyr burst model
0
10
20
30
 40
 50
-6 -5 -4 -3 -2 -1  0  1  2  3
SF
R 
 (M
su
n/y
r)
Disk: Single 3Gyr burst + τ=1Gyr quench
+ τ=0.5Gyr quench
+ complete quench
Bulge: Single 1Gyr burst model
Disk: Single 3Gyr burst + τ=1Gyr quench
+ τ=0.5Gyr quench
+ complete quench
B
Figure 26. SFR (top), the rest-frame B-band absolute
magnitude MB (middle), and the disk to total luminosity
ratio (bottom) for the disk and bulge components in the
toy model as a function of time (t = 0 at the quenching
of the disk). The solid, dashed, and dotted lines show the
different quenching timescales for the disk component (see
text). The model galaxy has a stellar mass of 3.8× 1010M⊙
(Mbulge = 2.6 × 10
10M⊙ and Mdisk = 1.2 × 10
10M⊙) and a
sSFR of 10−9.75 yr−1 at the quenching of the disk.
ent axial ratios with SExtractor. The magnitudes, sizes,
and axial ratios of the disk and bulge components were
adjusted to match with the observed main-sequence and
passively evolving galaxies at 0.6 < z < 1.0, respectively
(see Appendix D for details). We performed 10000 such
simulations for the toy model with the disk fraction of
0.8, 0.6, and 0.45 and derived the axial-ratio distribu-
tion. Figure 27 shows the results of the simulation. The
distribution of the apparent axial ratio for the model
with D/(B+D) = 0.6 are significantly different from that
with D/(B+D) = 0.8. We fitted these axial-ratio distri-
butions with the triaxial ellipsoidal models as described
in Section 3.2 and obtained the intrinsic thickness of
µC/A = 0.23 and 0.27 for D/(B+D) = 0.8 and 0.6, re-
spectively. Therefore, we expect that the decrease of
the disk fraction due to the quenching of star formation
leads to a significant change in the axial-ratio distribu-
tion, although the observed change around ∆MS ∼ −1
dex in Figure 8 may not be fully explained by this effect.
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Figure 27. Distribution of the apparent axial ratio for
the artificial objects with the different disk fractions. The
disk fractions correspond to the ages of the toy model with
τ = 0.5 Gyr in the legend. The details of the artificial objects
added to the IF814W-band images are described in Appendix
D. The best-fit intrinsic thickness, µC/A for each disk fraction
is also shown in the legend.
The slightly higher transition sSFR of ∆MS ∼ −0.75
dex for galaxies withMstar = 10
10.5–1011M⊙ than those
with 1010–1010.5M⊙ may also be explained by this ef-
fect, if more massive main-sequence galaxies tend to
have the high bulge fraction as shown by Morselli et al.
(2019). Bremer et al. (2018) carried out the multi-
component surface brightness fitting for galaxies with
Mstar = 10
10.25–1010.75M⊙ at z < 0.2 from the GAMA
survey with the multi-band data, and found that most
of green-valley galaxies show significant bulge and disk
components. They also suggested that the migration
from the blue cloud to the red sequence is caused by the
disk fading.
5.2. Shape evolution of passively evolving galaxies at
z < 1
In Section 4.2, we found that the distribution of the
apparent axial ratio and intrinsic shape of passively
evolving galaxies with Mstar < 10
11M⊙ significantly
evolve between z ∼ 0.8 and z ∼ 0.4; the edge-on
axial ratio C/A (thickness) decreases with time from
µC/A = 0.500 (0.400) at 0.6 < z < 1.0 to µC/A = 0.370
(0.325) at 0.2 < z < 0.6 for those with Mstar = 10
10–
1010.5M⊙ (10
10.5–1011M⊙). On the other hand, massive
galaxies with Mstar > 10
11M⊙ have a thick shape with
µC/A = 0.45 – 0.49 and show no significant evolution in
their shape.
van der Wel et al. (2009) and Holden et al. (2012)
measured the apparent axial ratio of quiescent galaxies
at z = 0.04 – 0.08 with the SDSS data, and found that
massive galaxies with Mstar > 10
11M⊙ exclusively have
b/a > 0.6, while those galaxies with Mstar < 10
11M⊙
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show more flatter distribution over b/a = 0.2 – 1.0.
These results are consistent with those of passively
evolving galaxies at 0.2 < z < 0.6 in this study.
Holden et al. (2012) also investigated the axial-ratio
distribution of quiescent galaxies at z = 0.6 – 0.8 with
the GEMS and COSMOS data, and confirmed that
these galaxies show the similar trends with the SDSS
galaxies at z ∼ 0.06, which is consistent with our re-
sults for those at 0.6 < z < 1.0. Although they found
no significant evolution between z ∼ 0.7 and z ∼ 0.06
for quiescent galaxies with Mstar < 10
11M⊙, their sam-
ple size for z ∼ 0.7 galaxies is ∼ 2–3 times smaller
than our sample at 0.6 < z < 1.0. The differences
between passively evolving galaxies at 0.2 < z < 0.6
and 0.6 < z < 1.0 in the axial-ratio distribution in
Figure 9 would be buried in noise especially for those
galaxies withMstar = 10
10.5–1011M⊙, if we decrease the
sample size by a factor of ∼ 2 – 3. Hill et al. (2019)
studied the median values of the apparent axial ratio
for quiescent and star-forming galaxies at 0.2 < z < 4.0
with the CANDELS/3D-HST data. They found that
low-mass quiescent galaxies with Mstar < 10
10.5M⊙
show a evolution of the median axial ratio from ∼ 0.68
at 0.5 < z < 1.0 to ∼ 0.63 at 0.2 < z < 0.5,
while no significant evolution is seen for those with
Mstar > 10
10.5M⊙. The result for those low-mass galax-
ies seems to be consistent with our result, although those
with Mstar = 10
10.5–1011M⊙ show no significant evo-
lution in Hill et al. (2019) probably due to a relatively
small number of their samples (total ∼ 800 and 200
quiescent galaxies at 0.5 < z < 1.0 and 0.2 < z < 0.5
before divided by stellar mass).
In our results, the thickness (edge-on axial ratio
C/A) of passively evolving galaxies with Mstar = 10
10–
1011M⊙ decreases with time on average. In general,
it is difficult to make a stellar disk system thinner
without forming new stars from a thin gas disk, be-
cause such a stellar disk system once formed tends
to become thicker shape as time passes through mi-
nor mergers, galaxy interactions, and so on (e.g.,
Quinn et al. 1993; Villalobos, & Helmi 2008). The mi-
nor merger/interaction could stimulate the bulge growth
(Qu et al. 2011), which also leads to the thicker shape of
those galaxies. Since the increase in the number density
of passively evolving galaxies at z . 1 is much larger
than that of star-forming galaxies (e.g., Borch et al.
2006; Ilbert et al. 2010), most quiescent galaxies are
expected not to experience a significant star formation
after the star formation once stopped (e.g., Bell et al.
2007; but see also Mancini et al. 2019). Thus passively
evolving galaxies quenched in earlier epoch do not seem
to evolve into thinner shape with time.
On the other hand, star-forming galaxies on the main
sequence at 0.2 < z < 1.0 have much thinner shapes
with µC/A = 0.2 – 0.25 (Figure 11 and Table 2). There-
fore, newly quenching galaxies from the main-sequence
population could cause the evolution of the axial-ratio
distribution for the passively evolving population, if
their morphology does not violently change during the
quenching. For example, while the disk fading and/or
bulge growth mentioned in the previous section make the
thickness of the newly quenching galaxies slightly larger
than the typical value of main-sequence galaxies, such
galaxies could be still sufficiently thinner than passively
evolving ones quenched in earlier epoch. Carollo et al.
(2013) investigated the number density evolution of pas-
sively evolving galaxies at 0.2 < z < 1.0 in the COSMOS
field as a function of galaxy size, and found that the frac-
tion of those galaxies with a larger size increases with
time. Since those galaxies with a larger size have slightly
bluer rest-frame U − V colors than those with a normal
size, they suggested that newly quenching galaxies with
a larger size mainly cause the evolution in the size distri-
bution of passively evolving galaxies. The scenario men-
tioned above seems to be consistent with the results by
Carollo et al. (2013), because star-forming galaxies tend
to show larger sizes than passively evolving galaxies at
a given stellar mass at z . 3 (e.g., van der Wel et al.
2014b). Newly quenching galaxies from the main se-
quence are expected to have both a thinner shape and a
larger size. In fact, from Figures 24 and 25, we can see
that (1) passively evolving galaxies tend to have smaller
sizes than star-forming ones with the same mass and
redshift, (2) passively evolving galaxies with larger sizes
tend to show more extended axial-ratio distributions
down to lower b/a values, and (3) the sizes of passively
evolving galaxies for a given mass significantly increase
with time. These trends are consistent with the sce-
nario. In this scenario, the major merger, which tends
to destroy the thin disk component, cannot be the main
driver of the quenching of star formation, although a
relatively small fraction of galaxies may quench through
the major merger.
The transition of newly quenching galaxies with a
thin shape from the main-sequence population could
also explain the stellar mass dependence of the evolu-
tion in the axial-ratio distribution of passively evolving
galaxies. The evolution of the galaxy stellar mass func-
tion for quiescent galaxies in previous studies suggests
that the number density increase with time at z . 1
in the passively evolving population is larger for less
massive galaxies at Mstar < 10
11M⊙ (e.g., Ilbert et al.
2010; Ilbert et al. 2013; Muzzin et al. 2013). Thus the
expected fraction of galaxies newly quenched between
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z ∼ 0.8 and z ∼ 0.4 in the passively evolving popula-
tion is higher for less massive galaxies. This can ex-
plain the result that passively evolving galaxies with
Mstar = 10
10–1010.5M⊙ show the stronger evolution of
the thickness from µC/A = 0.50 at 0.6 < z < 1.0 to 0.37
at 0.2 < z < 0.6 than those with 1010.5–1011M⊙ (from
µC/A = 0.40 to 0.33).
In this scenario, the relatively thick spheroidal shapes
of passively evolving galaxies with Mstar < 10
11M⊙ at
0.6 < z < 1.0 could be explained at least partly by
a lack of the supply of quenching galaxies with a thin
shape at higher redshifts, because star-forming galax-
ies at z > 1 seem to have thicker shapes than those at
z < 1. Several studies have investigated the apparent
axial ratios of star-forming galaxies at z > 1 with the
optical/NIR HST data to estimate their intrinsic shapes,
and found that these galaxies at z ∼ 1.5–3 have thicker
and more prolate (bar-like) shapes (Ravindranath et al.
2006; Yuma et al. 2011; Yuma et al. 2012; Law et al.
2012; van der Wel et al. 2014a; Takeuchi et al. 2015;
Zhang et al. 2019). Ground-based observational studies
with the integral field spectroscopy also found that star-
forming galaxies with a rotationally supported disk at
z ∼ 2 show larger velocity dispersion than disk galax-
ies at lower redshifts, which suggests thicker shape of
the disk (e.g., Fo¨rster Schreiber et al. 2009; Law et al.
2012; Wisnioski et al. 2015). Therefore galaxies with a
very thin shape seem to be rare at such high redshift
even in the star-forming population, and it is difficult to
form passively evolving galaxies with such a thin shape
at z > 1. The higher merger rate at higher redshifts
(e.g., Mundy et al. 2017; Duncan et al. 2019) could also
contribute to more thicker shapes of those high-redshift
galaxies.
On the other hand, no significant evolution in the
shape of massive passively evolving galaxies with
Mstar > 10
11M⊙ can be explained by a lack of such
massive star-forming galaxies irrespective of shape.
The stellar mass function for star-forming galax-
ies indicates that massive star-forming galaxies with
Mstar > 10
11M⊙ are very rare at z . 1 (e.g., Ilbert et al.
2013; Muzzin et al. 2013), and the expected number of
such massive galaxies that newly quench the star for-
mation without major mergers between z ∼ 0.8 and
z ∼ 0.4 is very small. Instead, massive passively evolv-
ing galaxies with Mstar > 10
11M⊙ are expected to
be mainly formed through the major mergers of rel-
atively massive objects with Mstar ∼ 10
11M⊙. Since
the quiescent fraction in galaxies with Mstar ∼ 10
11M⊙
becomes relatively high at z . 1 (e.g., Ilbert et al. 2010;
Kajisawa et al. 2011), such major mergers tend to be
dry mergers or those with a relatively low gas-mass frac-
tion, which leads to the spheroidal shapes of the rem-
nants (e.g., Springel, & Hernquist 2005; Hopkins et al.
2009; Rodriguez-Gomez et al. 2017). The lack of newly
quenching galaxies with a thin shape and the forma-
tion through dry major mergers can explain the thick
spheroidal shape and its no significant evolution at z < 1
for passively evolving galaxies with Mstar > 10
11M⊙
(Holden et al. 2012). The flatter shapes of massive qui-
escent galaxies with Mstar > 10
11M⊙ at z > 1 reported
by Chang et al. (2013) and Hill et al. (2019) could be
explained similarly by their formation through the wet
mergers, because the merger progenitors are expected
to be more gas-rich at higher redshifts.
5.3. Stellar mass dependence of thickness and its
imprecations
We found that the intrinsic edge-on axial ratio C/A of
main-sequence galaxies decreases with increasing stellar
mass in the both redshift ranges (Figure 12 and Table
2). Recently, Pillepich et al. (2019) investigated the 3-
dimensional shapes of stellar and gaseous components of
star-forming galaxies in the high-resolution cosmological
simulation, Illustris TNG50, and found that more mas-
sive star-forming galaxies show lower edge-on axial ratio
C/A, i.e., thinner shapes of the stellar component than
less massive galaxies at 0.5 < z < 4.0. Their results
for the thickness of those galaxies at z ∼ 0.5 as a func-
tion of stellar mass are qualitatively consistent with our
results, although a direct comparison is difficult due to
the different stellar mass and redshift binning between
Pillepich et al. (2019) and this study. In their simula-
tion, the gas disks strongly evolve into thinner shapes
as the Vrot/σ of the gas disk significantly decreases with
time, and the star formation in the thin gas disk makes
the stellar disk thinner. The thickness of the gas disk
at a given redshift tends to be smaller in more massive
star-forming galaxies in all redshifts, which leads to the
mass dependence of the thickness of the stellar disk. On
the other hand, Sales et al. (2012) found that the co-
herent alignment of the angular momentum of gas that
has been accreting onto a galaxy over time is more im-
portant for the formation of the thin-disk morphology
than the net spin or merger history of the dark mat-
ter halo the galaxy resides in the GIMIC cosmological
simulation. They also suggested that gas accretion from
a quasi-hydrostatic hot corona, namely, “hot-mode” ac-
cretion preferentially forms a thin stellar disk, because
such shock-heated gas in the halo is forced to homog-
enize its rotation properties before accreting onto the
galaxy, which results in a rather gradual supply of gas
with a relatively stable spin axis. In contrast with the
hot-mode accretion, cold gas accretion, where gases from
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distinct filaments directly flow into the central galaxy
with misaligned spins, tends to disturb the gas kine-
matics and form a more thick spheroidal stellar compo-
nent. The hot-mode accretion is expected to dominate
preferentially in more massive dark matter halo with
Mhalo & 10
11.5M⊙ from the previous theoretical studies
(e.g., Birnboim, & Dekel 2003; Keresˇ et al. 2005). It is
suggested by the clustering and/or abundance matching
analyses that more massive star-forming galaxies tend to
be associated with more massive dark matter halos (e.g.,
Tinker et al. 2013; Legrand et al. 2019). Therefore, the
stellar mass dependence of the thickness of star-forming
galaxies could be explained by the halo mass depen-
dence of the contribution from the hot mode accretion
in the gas supply to the galaxies. In fact, Legrand et al.
(2019) found that the dark matter halo mass of star-
forming galaxies at 0.2 . z . 1 increases with stellar
mass from ∼ 1011.3–1011.7M⊙ at Mstar ∼ 10
9.5M⊙ to
∼ 1012.3 − 1012.7M⊙ at Mstar ∼ 10
11M⊙, where the
contribution from the hot mode accretion is expected
to increase with halo mass. More massive star-forming
galaxies on the main sequence tend to be formed in mas-
sive halos dominated by the hot mode accretion, which
may leads to their observed thinner shapes.
This scenario could also explain the reason why star-
forming galaxies with a relatively thin disk appeared
around z ∼ 1, because the hot mode accretion is ex-
pected not to dominate even in massive halos at z & 2
due to gas supply through the cold gas stream (e.g.,
Keresˇ et al. 2009; Dekel et al. 2009a). Some of gas ac-
creting to a dark matter halo is expected to penetrate
surrounding hot gas in a form of filaments of dense and
cold infalling gas and directly accrete onto the central
galaxy at such high redshift, where the mass accretion
rate and matter density tend to be high. Such di-
rect gas supply through the filaments of cold gas could
make the gas disk of the central galaxy more turbu-
lent and gravitationally unstable, which leads to thick
and clumpy stellar disk and bulge formation/growth
in some cases (e.g., Dekel et al. 2009b; Ceverino et al.
2010; Dekel, & Burkert 2014). Thus it seems to be diffi-
cult to form the thin stellar disks even in massive halos
at z & 2. After the hot-mode accretion starts to domi-
nate at z ∼ 2 in relatively massive halos, the thin stellar
disks may be gradually formed from thinner gas disks
and appear around z ∼ 1. If some of these star-forming
galaxies with a thin stellar disk quench and evolve into
passively evolving galaxies without a violent morpho-
logical change as discussed in the previous section, it is
understood that the fraction of passively evolving galax-
ies with a thin shape increases with time at z < 1
rather than higher redshifts. Since more massive star-
forming galaxies have a sufficient time to form a thin
disk through the hot mode accretion in earlier epoch in
this scenario (Noguchi 2019), passively evolving galaxies
with a thin shape may also be provided preferentially in
more massive galaxy population at z ∼ 1. This could
explain our result that passively evolving galaxies with
Mstar = 10
10.5–1011M⊙ already show a thinner shape
than those with 1010–1010.5M⊙ at 0.6 < z < 1.0. In fact,
Bezanson et al. (2018) reported that ∼ 64% of quiescent
galaxies with Mstar ∼ 10
10.5–1011M⊙ at 0.6 < z < 1.0
show a significant rotation, while those massive galaxies
with Mstar > 10
11M⊙ show no or little rotation in the
LEGA-C survey. Such quiescent galaxies with a signifi-
cant rotation might be recently quenched galaxies with
a relatively thin disk that has grown through the hot
mode gas accretion since z . 2.
6. SUMMARY
With the COSMOS HST/ACS IF814W-band data over
the 1.65 deg2 region in the COSMOS field, we mea-
sured the apparent axial ratios of ∼ 21000 galaxies with
MV < −20 at 0.2 < z < 1.0, and fitted the distribution
of the axial ratio with the triaxial ellipsoid models to sta-
tistically estimate their intrinsic 3-dimensional shapes as
a function of stellar mass, sSFR, and redshift. Our main
results are summarized as follows.
• We confirmed that star-forming galaxies on the
main sequence show a thin disk shape with a in-
trinsic edge-on axial ratio of C/A ∼ 0.2 – 0.25,
while passively evolving galaxies with a low sSFR
have a more thick spheroidal shape with C/A ∼
0.3 – 0.5.
• The transition from the thin disk to the thick
spheroidal shape for galaxies with Mstar = 10
10–
1011M⊙ occurs around ∆MS ∼ −1 dex, i.e., an
order of magnitude lower sSFR than that of the
main sequence irrespective of redshift. The shape
of galaxies with Mstar = 10
10.5–1011M⊙ changes
at slightly higher ∆MS (∼ −0.75 dex) than that
of less massive ones with 1010–1010.5M⊙ (∼ −1
dex).
• Passively evolving galaxies with Mstar < 10
11M⊙
show a significant evolution in the axial-ratio dis-
tribution and estimated intrinsic shape. The
edge-on axial ratio C/A decreases with time
from µC/A = 0.500 (0.400) at 0.6 < z < 1.0
to µC/A = 0.370 (0.325) at 0.2 < z < 0.6 for those
galaxies with Mstar = 10
10 − 1010.5M⊙ (10
10.5–
1011M⊙). On the other hand, those massive
galaxies with Mstar > 10
11M⊙ have a thick shape
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with µC/A = 0.45 – 0.49 and show no significant
evolution in their shape at 0.2 < z < 1.0.
• The intrinsic shape of star-forming galaxies on
the main sequence does not significantly evolve
at 0.2 < z < 1.0. On the other hand, the in-
trinsic edge-on axial ratio C/A (thickness) of the
main-sequence galaxies decreases with increasing
stellar mass from µC/A = 0.265 (0.255) for galax-
ies with Mstar = 10
9.5–1010M⊙ at 0.2 < z < 0.6
(0.6 < z < 1.0) to µC/A = 0.210 (0.230) for those
with 1010.5–1011M⊙, although the uncertainty is
not negligible.
We discussed that the quenching and migration to
the passively evolving population of some main-sequence
galaxies with a thin shape without violent morphological
change can explain the shape transition at a nearly con-
stant ∆MS and the evolution of the fraction of passively
evolving galaxies with a thin shape at Mstar < 10
11M⊙.
The scenario that the thin stellar disks of star-forming
galaxies are formed by the gas supply through the hot-
mode accretion could also explain the stellar mass de-
pendence of the thickness of these galaxies and the in-
crease of the fraction of passively evolving galaxies with
a thin shape at z < 1. On the other hand, massive
passively evolving galaxies with Mstar > 10
11M⊙ are
expected to be formed by dry major mergers at z < 1,
which leads to thick and spheroidal shapes.
The statistical analysis of the apparent axial ratio such
as this study is a powerful tool to constrain the evolution
in the intrinsic shape, especially thickness of galaxies
over the cosmic time, but its advantage strongly depends
on the sample size. The future wide-field surveys with
JWST and WFIRST will enable us to investigate the
evolution more detailedly with high statistical accuracy.
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APPENDIX
A. EXAMPLES OF SAMPLE GALAXIES AS A FUNCTION OF AXIAL RATIO
We show HST/ACS IF814W-band images of some sample galaxies with different sSFRs and redshifts as a function
of the measured axial ratio in Figures 28–31. Note that galaxies with a low sSFR of ∆MS < −1.5 dex tend to show
relatively large apparent axial ratios, and there are few those galaxies with a very small axial ratio of b/a . 0.2.
B. THE BEST-FIT MODELS FOR THE SUBSAMPLES
In this study, we fitted the distribution of the apparent axial ratio for the subsamples with various stellar mass and
∆MS ranges with the triaxial ellipsoid models to estimate the intrinsic 3-dimensional shape. We show comparisons
between the observed axial-ratio distributions and the best-fit models for the subsamples used in this study in Figures
32–35, which enable to examine the goodness of fitting for each subsample and check whether the systematic difference
between the observed distribution and the best-fit model exists or not. One can see that the observed distributions
are well fitted by the models for all the subsamples and there seems to be no systematic difference.
C. THE MODEL FITTING FOR GALAXIES WITH MSTAR = 10
10–1010.5M⊙ AND ∆MS ∼ −2.0 – −1.5 AT
0.2 < Z < 0.6
We here examine the model fitting for the axial-ratio distribution of galaxies with Mstar = 10
10–1010.5M⊙ and ∆MS
∼ −2.0 – −1.5 dex at 0.2 < z < 0.6, where the uncertainty of µC/A is very large. The left panels of Figures 36, 37, and
38 show the confidence ranges of the fitted intrinsic shape parameters, µB/A, σB/A, µC/A, and σC/A for galaxies with
∆MS = −1.75 – −1.25, −2.0 – −1.5, and −2.25 – −1.75 dex, respectively. One can see that the constraints on µC/A
and σB/A are very weak in the fittings for these galaxies. Relatively higher values of σC/A & 0.2 are preferred in the
fitting for these galaxies, while σC/A tends to be constrained to lower values in the fitting for the other subsamples,
for example, those with ∆MS = −0.5 – +0.5 and ∆MS < −2.5, whose all parameters are well constrained (Figure
39). The right panels of Figures 36, 37, and 38 show the observed axial-ratio distributions for these galaxies and those
of acceptable models with various values of the fitting parameters within the 68% confidence ranges. The observed
Evolution of 3-D shape of galaxies at z < 1 31
Figure 28. Examples of passively evolving galaxies with ∆MS < −1.5 dex at 0.2 < z < 0.6 in our sample as a function
of axial ratio and stellar mass. The apparent axial ratio of the object increases from top to bottom row, and the stellar mass
increases from left to right column. Each panel is 6′′ × 6′′ in size. These galaxies are randomly selected in the axial ratio and
stellar mass bins. Note that there is no sample galaxy in some of the bins at b/a < 0.3.
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Figure 29. Same as Figure 28, but for star-forming galaxies on the main sequence with ∆MS = −0.5 – +0.5 at 0.2 < z < 0.6.
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Figure 30. Same as Figure 28, but for passively evolving galaxies with ∆MS < −1.5 dex at 0.6 < z < 1.0.
34 Satoh et al.
Figure 31. Same as Figure 28, but for star-forming galaxies on the main sequence at 0.6 < z < 1.0.
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Figure 32. The observed distribution of the apparent axial ratio and the best-fit triaxial ellipsoid models described in Section
3.2 for the subsamples at 0.2 < z < 0.6 as a function of ∆MS and stellar mass. The configuration of the panels are the same as
Figure 6.
distributions for these galaxies have both a broad peak around b/a ∼ 0.8 – 1.0 and a non-negligible fraction of galaxies
at b/a = 0.2 – 0.3. Such distributions are difficult to be reproduced by the models with a small σC/A, because in such
cases with small σC/A the broad peak around b/a ∼ 0.8 – 1.0 requires a relatively high value of µC/A (and µB/A),
which leads to a very small fraction of those with b/a < 0.3. On the other hand, the models with a large σC/A could
roughly reproduce such distributions (the right panels of Figures 36, 37, and 38). In the models with a large σC/A,
C/A are widely distributed irrespective of µC/A and the effects of µC/A on the shape of the axial-ratio distribution
tend to be relatively small. This seems to be one of the reasons for the large acceptable range of µC/A in the fitting
of these galaxies as well as the large statistical uncertainty of the observed distributions due to the small size of the
subsamples. We also note that there are some acceptable models with a relatively small value of σC/A . 0.2 in the left
panels in Figures 36, 37, and 38. In such cases, a large value of σB/A is needed to match with the observed distributions
(the bottom right panel of Figure 38).
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Figure 33. The same as Figure 32, but for galaxies at 0.6 < z < 1.0.
While most of those galaxies with b/a = 0.2 – 0.3 and ∆MS ∼ −2.25 – −1.25 dex are edge-on disk galaxies with
a significant bulge, there are a few galaxies with a relatively round shape that affected by a nearby faint elongated
companion or the outer part of nearby bright objects (Figure 40). For these objects, we could not completely mask
out the nearby objects because the deblending is failed or not perfectly performed due to the lower resolution of the
Suprime-Cam i′-band data. Anyway, we cannot conclude whether the non-negligible fractions of those galaxies with
b/a = 0.2 – 0.3 are caused by the statistical fluctuation or not with the small sizes of the subsamples.
D. MONTE CARLO SIMULATION FOR THE EFFECT OF THE DISK DIMMING
We here describe the Monte Carlo simulation to check how the decrease of the disk fraction due to the quenching of
star formation in the disk component affects the distribution of the apparent axial ratio. Using the IRAF/ARTDATA
package, we added artificial objects with disk and bulge components to sky regions at random positions in the HST/ACS
IF814W-band images. Assuming these objects were located at z = 0.8, we calculated the apparent IF814W-band
magnitudes of the disk and bulge components from their absolute magnitudes of the toy model with τ = 0.5 Gyr at 0,
1.2, and 3 Gyr after the start of the disk quenching, when the disk fraction was about 0.8, 0.6, and 0.45, respectively.
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Figure 34. The observed distribution of the apparent axial ratio and the best-fit model for the subsamples at 0.2 < z < 0.6
as a function of ∆MS and stellar mass. The samples are divided by ∆MS into the main-sequence, quenching, and passively
evolving populations. The configuration of the panels are the same as Figure 9.
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Figure 35. The same as Figure 34, but for galaxies at 0.6 < z < 1.0.
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Figure 36. (left) The confidence ranges of the intrinsic shape parameters, namely, µB/A, σB/A, µC/A, and σC/A, in the
fitting of the observed axial-ratio distribution for galaxies with Mstar = 10
10–1010.5M⊙ and ∆MS = −1.75 – −1.25 dex at
0.2 < z < 0.6. (right) The observed axial-ratio distribution (solid line) and the acceptable models with various values of the
fitting parameters within the 68% confidence ranges for the same subsample (dashed lines).
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Figure 37. The same as Figure 36 but for galaxies withMstar = 10
10–1010.5M⊙ and ∆MS = −2.0 – −1.5 dex at 0.2 < z < 0.6.
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Figure 38. The same as Figure 36 but for galaxies with Mstar = 10
10–1010.5M⊙ and ∆MS = −2.25 – −1.75 dex at
0.2 < z < 0.6.
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Figure 39. The confidence ranges of the intrinsic shape parameters in the fitting of the observed axial-ratio distribution for
galaxies with Mstar = 10
10–1010.5M⊙ and ∆MS = −0.5 – +0.5 dex at 0.2 < z < 0.6 (left) and for those with ∆MS < −2.5 dex
in the same stellar mass and redshift range (right).
We assumed the exponential and de Vaucouleurs laws for surface brightness profiles of the disk and bulge components,
respectively. We performed the same Monte Carlo simulations as in the fitting of the axial-ratio distribution to generate
the apparent axial ratios of the disk and bulge components. In the simulations, we assumed the best-fit intrinsic shape
parameters of the main-sequence and passively evolving galaxies with Mstar = 10
10–1010.5M⊙ at 0.6 < z < 1.0 for the
disk and bulge components, respectively, except for µC/A of the disk component, for which we adopted µC/A = 0.18
so that the thickness of artificial objects with the both disk and bulge components at the start of the quenching
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Figure 40. Examples of galaxies with b/a = 0.2 – 0.3,Mstar = 10
10–1010.5M⊙, and ∆MS = −2.25 – −1.25 dex at 0.2 < z < 0.6.
The left panels show the ACS IF814W-band images of edge-on disk galaxies with a significant bulge. The right panels show
examples of galaxies whose axial ratios are affected by nearby objects. While the top panels show the IF814W-band images where
nearby objects are masked out, the bottom panels represent the Suprime-Cam i′-band images of the same objects, where the
source detection were performed. The all images are 6′′ × 6′′ in size.
t=0 Gyr
D/(B+D)~0.8
t=1.2 Gyr
D/(B+D)~0.6
t=3 Gyr
D/(B+D)~0.45
Figure 41. Examples of the artificial objects added to the IF814W-band images. The age of the toy model with τ = 0.5 Gyr
(the disk fraction of the objects) increases (decreases) from t = 0 Gyr (D/(B+D) = 0.8) at the top row to t = 3 Gyr (D/(B+D)
= 0.45) at the bottom row. The inclination angle changes from nearly edge-on view at the left column to face-on view at the
right column. The three objects in the same column have the same intrinsic shape parameters for the disk and bulge components
and inclination angles, but the different magnitudes of the disk and bulge components. The background sky and position angle
on the image are randomly selected and different among the objects.
corresponds to that of the observed main-sequence galaxies. We also assumed that the major, middle, and minor axes
of the disk and bulge components are aligned in the same direction for simplicity. The semi-major radii of the disk and
bulge components were adjusted to match with those of the observed main-sequence and passively evolving galaxies
in Figure 25. While the assumption of the size of passively evolving galaxies may overestimate that of the bulge
of normal star-forming galaxies, we confirmed that smaller/larger sizes of the bulge component do not significantly
change the results. We performed 10000 such simulations for each age of the toy model mentioned above, and measured
the apparent axial ratios of these artificial objects with the same way as for the observed galaxies. Figure 41 shows
examples of the artificial objects in the simulation.
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